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ABSTRACT 
Electrospinning of Single Wall Carbon Nanotube  
Reinforced Aligned Fibrils and Yarns 
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Commercial carbon fibers produced from a polyacrylonitrile (PAN) precursor 
have reached their performance limit.  The approach in this study involves the use of 
single carbon nanotubes (SWNT) with an ultra-high elastic modulus of approximately ~1 
TPa and tensile strength of ~ 37 GPa at a breaking strain of ~6 % to reinforce PAN.  In 
order to translate these extraordinary properties to a higher order structure, the need for a 
media to carry and assemble the SWNT into continuous fibers or yarns is necessary.  
Effective translation of properties can only be achieved through uniform distribution of 
SWNT and their alignment in the fiber axis. This has been one of the major challenges 
since SWNTs tend to agglomerate due to high van der Waals attraction between tubes.  It 
is the goal of this study to develop dispersion technique(s) for the SWNT and process 
them into aligned fibers utilizing the electrospinning process.  The electrospun nanofibers 
were then characterized by various techniques such as ESEM, Raman microspectroscopy, 
HRTEM, and tensile testing. 
Composite nanofibers containing various contents of SWNT up to 10 wt. % with 
diameter ranging from 40 – 300 nm were successfully electrospun through varying the 
polymer concentration and spinning parameters.  The inclusion of SWNTs and their 
alignment in the fiber axis were confirmed by Raman microspectroscopy, polarized 
Raman and HRETEM.   
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The failure mechanism of the nanofibers was investigated by HRTEM through 
fiber surface fracture.  A two stage rupture mechanism was observed where crazing 
initiates at a surface defect followed by SWNTs pulling out of the PAN matrix. Such 
mechanisms consume energy therefore strengthening and toughening the fibers.  
Mechanical drawing of the fiber prior to heat treatment induced molecular orientation 
resulting in oriented graphite layers in the carbonized fibers. 
 This study has established a processing base and characterization techniques to 
support the design and development of SWNT reinforced PAN-derived carbon 
nanofibers.  The encouraging results from this study suggest a promising pathway to 
produce the next generation of high performance CNT reinforced carbon nanofibers.  
This would help in translating of the remarkable properties of SWNT to macroscopic 
applications, thus filling the dimensional and properties gap between nanoscopic and 
macroscopic structures.   
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
  1
 
  
CHAPTER 1:  INTRODUCTION 
 
 
 
Carbon fiber is one of the most important engineering materials of the 20th 
century.   Possessing an elastic modulus of ~200 - 300 GPa and breaking strength of 
~3000 - 4000 MPa at a density of 1.8 g/cc [1], carbon fiber has been the basic building 
block for advanced composite structures for many decades.  The demand for higher 
properties carbon fiber seems to be endless, as stronger fiber would minimize the amount 
of materials required to achieve a given performance.  This would lead to significant 
weight savings which would be beneficial in many defense applications (high velocity 
tactical missiles, attitude control systems, and launch tubes et cetera) and commercial 
applications include high-speed transport aircraft.  The significant in weight savings 
would provide high payoffs in terms of system efficiency and size.  Therefore, 
development of a process to produce fibers that exceed the properties of existing state of 
the art carbon fibers is highly desirable in the future development of structural 
composites [2].   
 Historically, a general approach to improve the strength of fiber is to reduce the 
probability of defect inclusion by reducing fiber diameter to as small as 4 – 6µm [3].  
This concept has been widely used in the fiber industry along with post processing to 
achieve better fiber properties.  It is of interest to explore the possibility for further 
increasing fiber strength by reducing fiber diameter down to the nanometer level.  
Another well known concept for increasing strength and modulus is by the use of 
reinforcement fillers (as demonstrated in structural composites). Two recent 
developments in advanced materials and in processing technology have created new 
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opportunities to evaluate the concept of ultra fine reinforced fibers.  When the 
extraordinary properties of nanofillers and nanofiber processing technology such as 
electrostatic spinning are combined, composite fiber having diameters in the nanoscale 
level can be produced.  This combined concept (diameter reduction and nanofiller) would 
allow significant enhancement of the properties of PAN derived carbon fibers.  
 Nanofillers such as carbon nanotubes (CNT), and specifically, single wall carbon 
nanotubes (SWNT) have attracted enormous attention for use as a multifunctional 
material due to its remarkable electrical, thermal and mechanical properties.  With a 
tensile modulus of approximately 1.2 TPa, 37 GPa failure strength at an elongation of 
almost 6 % [4-6], and an aspect ratio L/D > 1000, SWNTs are considered to be excellent 
reinforcement material for polymer composites.  Increasing interest in utilizing the 
superior properties of SWNTs to improve the strength and toughness of fibers has been 
observed in recent years.  SWNT reinforced fibers have been fabricated by techniques 
such as traditional melt or solution spinning, resulting in fiber diameters on the order of 
tens of micrometers. The addition of a small weight percent of SWNT results in 
significant improvement in mechanical properties of the composite fibers as compared to 
their unreinforced counterparts [7-15].  This demonstrates the potential of using SWNT 
for fibers at the microscale level.  It would be of interest to extend the same concept to 
the smaller scale fibers and examine the feasibility of translating the superior properties 
of SWNT to the nanofiber.  This would require the development of an innovative process 
for incorporating SWNT into nanofibers.  However, the extreme fineness of SWNT, 1 nm 
in diameter and 1-2 µm in length, creates major challenges in the handlability, 
processability, dispersability as well as formation of un-oriented ropes in the fibers. 
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These issues hinder maximum translation of properties to the meso-and macrostructural 
levels.  Over the years, attempts have been made to form aligned SWNT composites but 
full translation of SWNT properties has not yet been achieved.  This is due, in part, to the 
inert nature of the SWNT surface resulting in a weak interface between SWNT and 
matrix, thus leading to poor translation of strength and modulus from the reinforcement 
to the composite structure.  In order to maximize the translation of properties to higher 
order structures, the need for an effective dispersion process and a carrier media to 
assemble the SWNT into continuous filaments would allow for well-controlled alignment 
and tailored distribution of the SWNTs within a structure.   
 There are several nanofiber processing techniques available for producing 
submicron diameter fibers.  The most feasible process that allows continuous generation 
of nanofiber is electrostatic spinning or electrospinning [16].  This non mechanical, 
electrically driven technique of fiber spinning from a polymeric solution is capable of 
generating fibers having diameter ranging from less than 100nm to several micrometers 
by varying polymer concentration and spinning parameters.  Traditionally, 
electrospinning produces nanofibers in a random (non woven) arrangement.  Since 
property translation efficiency is highly dependent on orientation, it is important to 
examine the properties of the produced nanofiber in aligned form.  Therefore, the 
electrospinning process was modified to allow collection of aligned fiber bundles in 
discrete length up to 20 cm.  It is essential to have good alignment from the molecular 
level (polymer chains), nanoscopic level (SWNT reinforcement), and microscopic level 
(fibers) in order to fully realize the reinforcement effect.   
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 A unique feature of electrospinning is that SWNT alignment in the fiber direction 
(providing that the SWNT are well dispersed in the polymer solution) is induced during 
the fiber spinning process through three mechanisms:  shear flow, electrostatic charge, 
fiber diameter confinement.  Further molecular and SWNT alignments can be achieved 
during post processing such as mechanical drawing. Fibers alignment is not only 
important in assessing full properties translation but also important in allowing the fibers 
to be integrated into textile preforms for composite structures and other applications.   
 The process for producing continuous-aligned nanofibers has yet been perfected.  
Further development in manipulating the polymer jet to form continuous and aligned 
fibers is necessary in order for the nanofiber yarns to be integrated to various fabric 
architectures.   
 
1.1 Objectives 
 
 The objective of this research program is to demonstrate the feasibility of 
producing ultra-fine, carbon nanotube containing, industrial grade linear PAN green (as-
spun) preforms suitable for the fabrication of carbon nanotube reinforced carbon yarns 
and to support future development of the “super carbon” fibers. The study involves 
multiple processes including:  
1. Electrospinning of nanofibers from pristine PAN and study the effect of polymer 
concentration upon diameter of fiber. 
2. Spinning dope preparation 
¾ Pristine PAN 
¾ SWNT-loaded PAN 
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3. Develop appropriate dispersion technique for dispersing the SWNT 
¾ Without surfactant 
¾ SWNT wrapping with polyvinylpyrrolidone (PVP) 
4. Develop technique for co-electrospinning SWNT/PAN nanofibers containing up 
to 10 wt. % SWNT. 
5. Study the effect of SWNT on the spinnability of composite nanofibers. 
6. Electrospinning of nanofibers in various forms  
¾ Random fiber assembly 
¾ Continuous self assembled yarn 
¾ Aligned fiber assembly 
7. Evaluate the electrospun nanofibers by various characterization techniques 
including: 
¾ Scanning Electron Microscopy (SEM)  
• Fiber morphology  
• Fiber diameter measurement 
• Fracture surface analysis 
• SWNTs dispersion evaluation 
¾ Raman Microspectroscopy  
• Verification of the inclusions of SWNT in the fiber 
• Orientation of SWNT in the fiber (Polarized Raman) 
¾ High Resolution Transmission Electron Microscopy (HRTEM)  
• Inclusion of SWNT and their orientation in the nanofiber 
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• Morphology of the matrix after heat treatment (conversion of PAN to 
carbon) 
• Fracture surface analysis 
¾ Micro Tensile Testing – tensile properties  
• Electrospun random nanofiber mats 
• Electrospun aligned nanofiber tows  
8. Post treatment of the electrospun nanofibers 
¾ Mechanical drawing of the nanofiber prior to heat treatment 
¾ Heat treatment to convert PAN to carbon  
• Stabilization/Oxidization in air at 200°C  
• Carbonization in argon at 700°C  
• Graphitization in argon at 1600°C 
9. Feasibility of co-electrospinning PAN with various type of nanofillers  
¾ Double wall carbon nanotube (DWNT) 
¾ Vapor grown carbon nanofibers (VGNF) 
The above tasks are summarized in Figure 1.  
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Figure 1.   Flow chart highlighting the essential tasks involved in the electrospinning of 
nanofibers. 
 
 
 
1.2 Significance of the Study 
  
 Success in the development of composite nanofibers by the co-electrospinning of 
SWNTs with PAN will create many opportunities for SWNT to be used in numerous 
applications.  SWNTs possess extraordinary mechanical, electrical, and thermal 
properties and provide a potential for the production of multifunctional composite 
nanofibers.  This concept will serve as a basis for producing a family of composite 
nanofibers suitable for applications such as advanced textile composites, scaffolds for 
tissue engineering, chemical and biological protective garments, and electronics devices, 
et cetera.  Development of an electrospinning process to produce continuous aligned 
composite nanofibers would facilitate the translation of SWNTs properties (or other 
nanofillers) from the nanoscale level to higher order structures, hence bridging the 
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dimensional and properties gap between nanoscopic and macroscopic structures (Figure 
2). Accordingly, our goal is to establish a robust manufacturing process that will 
assemble the SWNT to scaleable polymer and carbon-based nanofiber systems and which 
can subsequently be integrated to larger scale structures.   
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Figure 2.  Structure Hierarchy of composite nanofibril-textile structure. 
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CHAPTER 2:  BACKGROUND AND LITERATURE REVIEW 
 
 
 
 
 An overview of the historical background of the development of high 
performance carbon fibers illustrates why and how nanofiller and nanometer diameter 
fibers will have a significant impact on the properties of carbon fibers. 
 
2.1  Carbon Fibers – General overview 
 
 The unique properties of carbon fibers can be directly attributed to the highly 
anisotropic nature of the graphite crystal.  The graphite crystal consists of stacks of multi-
layers of carbon atoms (graphene layers) separated by a spacing of 0.34 nm as shown in 
Figure 3.  The carbon atoms within the layer are linked together by covalent bonds 
having strength of 400 kJ/mol.  These strong bonds are the major contributing factors to 
the extremely strong and stiff nature of the graphite structure when loaded in the 
crystallographic direction.  The in-plane theoretical tensile modulus and strength of 
graphite are as high as 1060 GPa and 106 GPa, respectively.  However, the tensile 
modulus perpendicular to the crystallographic direction is relatively low (36.5 GPa) due 
to weak van der Waals bonds between the layers.  This explains the poor compressive 
properties of crystalline graphite due to low shear resistance.  Despite this fact, the 
impressive theoretical properties of graphite remain an irresistible target for continuing 
efforts to improve the properties of carbon fibers [17].    
 One might think that, if it is possible to produce carbon fiber from infinitely large 
layers of graphene arranged in the fiber axis, it would be possible to obtain fiber  
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Figure 3.  Structure of graphite crystal. 
 
 
 
 
properties approaching theoretical value.  If this is possible then the structure would fail 
in compression due to low shear resistance between the layers.  Considerable effort has 
been concentrated in finding solution to overcome the shear sensitivity of graphite 
structure.  The most promising approach is to modify the molecular structure of carbon 
fiber.  It was found that the tensile and compressive strength of carbon fibers can be 
improved by having small polyaromatic layers containing disclinations and deviating 
from perfect preferred orientation in what is known as a “turbostratic structure” (Figure 
4).  As can be seen in Figure 4, molecular orientation of the turbostratic structure is still 
more or less parallel in the fiber axis.  Therefore, the longitudinal properties of the fiber 
are still a reflection of the strong covalent bonding parallel to the basal planes within the 
fiber.  Molecular orientation, composition of the precursor, and processing techniques are 
the keys to strong and stiff carbon fibers that researchers spent many decades 
investigating before the arrival of the high performance carbon fibers [17].  
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Figure 4.   Turbostratic structure of graphite. 
 
 
 
2.1.1 Polyacrylonitrile (PAN) Based Carbon Fiber – A Historical Development 
 
  Carbon fibers are fibrous materials consisting of at least 92 wt. % elemental 
carbon that is transformed from organic matter through heat treatment at intermediate 
temperature 1000 - 1500°C.  This conversion process is known as carbonization at which 
the amorphous precursor is converted to imperfect graphite crystalline structure oriented 
along the fiber axis [18-20].  The first commercial carbon fiber was introduced in 1879 
by Thomas Edison as a filament for an incandescent light bulb.  The filament was made 
by forming cotton threads, later bamboo fibers and regenerated cellulose (rayon) into coil 
and pyrolyzing them into carbon filament [21, 22].  Edison’s invention was not entirely 
successful and the carbon filament was later replaced by a more sturdy tungsten filament.  
The development of carbonization of rayon yarns and fabrics continues into the mid 20th 
century.  With carbon fiber produced from cellulose precursor nearly reached mature 
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stage, the arrival of a new potential precursor was introduced; in 1940, DuPont developed 
the first thermally stable fibers from polyacrylonitrile by heat treating the fibers in air or 
inert atmosphere at 200°C [23].  This fireproof fabric was produced by Coxe of DuPont 
under the name “black Orlon” [24].  The first public report on the process of stabilization 
of acrylic fibers was published in 1950 by Hautz [25].  Several patents were issued during 
this period to companies including DuPont, John-Manville, and Carborundum for 
fireproof fabrics based on this process [26].  Carbon fiber researchers thus were directed 
towards the potential of PAN precursors for the second generation of carbon fibers.
 In early 1960s, eighty years after Edison’s invention, Union Carbide Corporation 
(UCC) marketed the first commercial carbon fibers produced from rayon precursor.  Two 
different types of carbon fibers designated VYB and WYB were commercially available.  
VYB carbon fibers were heat treated at 1000°C therefore contained a small trace of non-
carbon elements such as oxygen, hydrogen and ash forming residues [27].   Structure 
wise, the VYB carbon fibers exhibited fibrillar structure of the rayon precursor and were 
porous.  In addition, isotropic and nongraphitizing carbon structure was revealed by X-
ray analysis [27-29].  The higher temperature heat treatment at 2500°C of WYB carbon 
fibers consisted of pure carbon.  Like all carbon fibers produced from polymer precursor, 
the higher temperature treatment resulted in higher degree of conversion to carbon.  At 
2500°C heat treatment, the WYB consisted of pure carbon with a nongraphitizing 
structure.  However, the WYB carbon fiber was described as a “graphite fiber” when it 
was introduced to the market.  This misleading term was given at that time to indicate 
that the higher temperature treatment WYB type was pure carbon as compared to the 
lower heat treatment VYB carbon fiber that contain a small quantity of impurity [27, 28].  
   
  13
 
  
This incorrect used of term “graphite fiber” continues to cause confusion today.  By 
today’s standard, these early carbon fibers were neither high-strength nor high-modulus. 
 High performance carbon fibers with a tensile modulus of 500 GPa and tensile 
strength of approximately 2000 MPa was commercialized in the mid 1960s by UCC.  
This was achieved by hot stretching of the rayon precursor at graphitization temperatures 
to obtain high orientation of the fibrils structure of rayon, thus resulting in higher 
mechanical properties [27].  Commercialization of high performance carbon fibers had 
attracted serious interested, the USAF was considering replacing boron fibers (long used 
in structural applications) with carbon fibers for the new generation of military aircrafts 
[27, 28], despite the extremely strong, stiff, and relatively low density of boron in 
comparison to the existing metallic structural materials.  The existence of carbon fibers 
having many advantages over boron fiber such as specific strength, lower density, higher 
degree of flexibility, no thermal mismatch between core-shell, and lower cost had created 
serious interested in the reinforced plastic materials.   
 Within the same period, another technical and commercial breakthrough for high 
performance carbon fiber was introduced by Shindo, Fuji, and Sengoku of the Japanese 
Bureau of Industrial Technics.  They recognized the importance of an oxidative heat 
treatment step prior to carbonization of polyacrylonitrile (PAN).  Oxidation at 400° C in 
an inert atmosphere or air reduced weight loss resulting in higher carbon yield (50 wt. % 
as compared to less than 30 wt. % from rayon precursor) [18, 27, 28, 30, 31].  This 
process turned out to be more economical than using cellulose precursors due to the 
lower cost of PAN, simpler carbonization process, and higher carbon yield.  These PAN-
derived carbon fibers possess tensile strength and modulus of 170 GPa and 550 – 700 
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MPa, respectively, about three times higher than the carbon fibers fabricated from rayon 
precursor.  Some preferred molecular orientation was observed even without any tension 
applied during the heat treatment stages prior to carbonization.  However, these values 
are relatively low as compared to today’s commercial grade carbon fiber.  This was partly 
due to inadequate molecular orientation within the fiber.  In addition, most of the 
available acrylic fibers produced during period were not suitable for conversion to carbon 
fibers.  They either contained the wrong comonomer, otherwise unsuitable structure, or 
contained high level of impurities.   
 Realizing the significant important of molecular orientation on the tensile 
properties of carbon fibers, Watt and co-workers at the Royal Aircraft Establishment in 
UK [2] investigated fiber drawing above room temperature (between 100 – 300°C).   
With the existence of a suitable PAN fiber for conversion to carbon, Watt studied the 
effects of fiber drawing on crystalline orientation and modulus of the final fiber.  The 
application of tension upon the fiber during the initial oxidation stage at 220°C allowed 
molecular alignment to be maintained up to carbonization at 1000°C and heat treatment 
at 2500°C [32, 33].  Heat treatment at 2500°C resulted in high modulus carbon fibers, 
while heat treatment between 1000 - 1500°C yielded high strength carbon fibers.  Watt 
also discovered that stretching of the fiber during oxidation induced turbostratic structure 
which responsible for the improvement in strength and modulus of the final carbon fibers.  
Continuing increase in the mechanical properties of carbon fibers had been observed 
since Watt’s discoveries.  The strength of carbon fibers has been risen from 1.4 GPa in 
the late 1960, to 2.7 in the early 1970s to 4 GPa in 1980s and to 7 GPa in the 90s [18].   
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 Most property improvement was achieved in earlier research through proper 
selection of a suitable PAN fiber precursor, molecular orientation, and post processing.  
Early developments led to the commercialization of two varieties of high performance 
carbon fibers: high strength and high modulus carbon fibers.  Continuous demand in 
higher performance fibers has forces carbon fiber producers to further improve the 
mechanical properties of carbon fiber.  For instance, improve composite toughness would 
require the development of high-strain-to-failure-fibers by increasing fiber strength 
without sacrificing modulus.  This demand was satisfied by the commercialization of 
intermediate modulus (IM) PAN based carbon fiber by Hercules in 1980s.  One of the 
main important steps in strength and modulus enhancement was the reduction in fiber 
diameter.  As illustrated in Figure 5, tensile strength significantly increases as fiber  
 
 
Figure 5.  The effect of fiber on the strength of the fiber. 
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diameter decreases.    Decreases in fiber diameter reduce the probability of critical flaws 
which in turn improves the tensile strength of the fiber.  Fiber stretching induces higher 
molecular orientation along the fiber axis which also accounts for an increase in tensile 
modulus as well.  Furthermore, smaller fibers eliminate skin-core effects caused by 
differential stabilization.  A detail explanation of the effect of fiber diameter on the 
strength of the fiber will be discussed in the next section. 
 
2.1.2 The Effect of Fiber Diameter on the Strength of Carbon Fibers – Why Small 
is Better? 
 
 The theory of fiber strength increasing as fiber diameter decreases dates back to 
1920, when A. A. Griffith noticed an enormous discrepancy in the theoretical and 
practical strengths of a material [2, 34].  Griffith proposed a theoretical calculation of the 
strength of a material based on the concept of energy.  When a brittle material breaks, 
surface energy is involved in forming two new fractures surfaces.  This surface energy 
can be related to the strain energy (Hooke’s law) in the material before it breaks [34].   
Thus, the theoretical strength (σ) of the material can be defined as: 
 
     
x
E∗= γσ      (1) 
 
Where γ is the surface energy, E is Young’s modulus, and x is distance between two 
layers of atoms.  Based on Equation 1, the true strength of a material in bulk form is 
between E/10 to E/5 of the theoretical value.  Griffith used steel as an example to 
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demonstrate the difference between theoretical and practical values.  The theoretical 
strength of steel is about 3 x 104 MPa (~E/6).  A value of 400 MPa is commonly 
observed in commercial steel, while very strong steel wire can be as high as 3,000 MPa.  
In general, most materials exhibit practical strength of between E/10 and E/5 of its 
theoretical value.  To bridge the gap between the theoretical and practical strengths, 
Griffith chose a material with simple fracture behavior (brittle fracture), glass, as a model 
for his experiment.  The glass that he selected had theoretical strength of 14,000 MPa.  
This glass, fashioned in a solid rod of 1mm diameter, resulted in strength of 170 MPa 
when tested under tension.  Additional rods were drawn down in a series of smaller 
diameters (the smallest being 2.5 µm) and tested them under similar conditions.  As the 
fiber got thinner their strength increased gradually (more rapidly as their diameter 
decreased significantly), with strengths approaching the theoretical value as the fibers 
reached the smallest diameter.  Based on these findings, Griffith concluded that 
theoretical strength can be achieved if the fiber can be made finer.   
 In 1921, Griffith published the first paper explaining his experiments on glass 
fibers for the first time, provided a theory bridging the gap between theoretical and 
practical strengths of a material.  Instead of explaining in term of why thinner fibers are 
stronger, he explained in term of why thicker fibers are weaker.  Regardless of how 
strong the chemical bonds in the material are, the strength of the material is determined 
by the weakening mechanism.  A material can have very strong bonds and be relatively 
weak if it contains flaws and defects.  This led to Griffith’s theory on stress-concentration 
arising from the presence of small defects within the structure, explaining why practical 
material strength is only a small fraction of theoretical chemical bond strength [35].  The 
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properties of a material are drastically degraded with the presence of tiny defects, 
whether they lie on the surface or within the structure.  As previously mentioned, 
reduction in fiber diameter reduces the probability of defects inclusion and, hence, 
increases the strength of the fiber.  The size and geometry of any existing flaws or cracks 
can also greatly influence the mechanical properties of the fiber.   
 It is clear from the historical development of high performance carbon fibers that 
orientation of the graphitic layers parallel to the fiber axis increases the tensile modulus 
of the fibers.  The development of tensile strength is not straightforward or well 
understood.  One possible explanation is that carbon fibers behave more like brittle 
materials that are flaw sensitive, failed at randomly distributed critical flaws [36, 37].  As 
length or fiber diameter increases, the volume of material increases and so does the 
probability of flaws inclusion in the fiber.  Since carbon fibers are sensitive to flaws, they 
will fail prematurely in the presence of a defect which is larger than the critical flaw size 
of the material.  For this reason, the tensile strength of carbon fiber is highly dependent 
on the diameter and gauge length of the fiber.  The critical crack size can be determined 
by Griffith’s relationship for brittle materials [17], 
 
     
C
E a
π
γσ 2=      (2) 
 
where,  σ = tensile strength  
 E = tensile modulus 
 γa = surface energy 
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Based on the properties provided in Table 1 and assuming a surface energy of 4.23 J/m2, 
the critical flaw size of low modulus carbon fiber is approximately 136 nm (25 nm for 
high modulus and intermediate modulus carbon fibers, respectively).  As shown in Table 
1 the difference between the fiber diameters of the low modulus and intermediate carbon 
fibers decreases from 10 µm to 5 µm with a corresponding increase strength.  This 
illustrates the significant improvement in strength as the fiber diameter decreases.  
Diameter is one of the elements that affecting the properties. Other dominating factors 
such as crystallographic structure also influence the mechanical properties as well. 
 
Table 1.   Properties of PAN-based commercial carbon fibers. 
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 Johnson [38] provided a discussion on the structure-property relationship of 
carbon fiber in term of misoriented crystallites (misoriented crystallites exist in all form 
of carbon fibers including those which are highly oriented).  The effects of misoriented 
crystallite and crystallite size in relation to critical flaw size (Equation 2) were described.   
Under a tensile load, the misoriented crystallite tends to align until their movement is 
restricted by the disclination in the structure.  Rupture of the basal plane of the crystallite 
occurs if the load is sufficient.  If the crystallite size (Figure 6) with La or Lc is greater  
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Figure 6.   Model for tensile failure of carbon fiber.  a) A misoriented crystallite linking 
two crystallites parallel to the fiber axis; b) Rupture of basal plane under applied load; 
and c) Complete rupture of the misoriented crystallite.  La, stack width; Lc, stack height. 
 
 
then the critical crack size, C, then the crack will propagate and the fiber fails 
catastrophically.   For PAN-based carbon fibers the crystallites are much smaller than the 
estimated critical flaw size therefore it is unlikely that rupture of a single crystallite 
would lead to catastrophic failure of the fiber.   The decreased crystallite failure factor 
under tensile load accounts for the high strength and failure strain of PAN derived carbon 
fibers. 
 In summary, the mechanical properties of carbon fibers are highly dependent on 
the crystallographic microstructure, crystallite size, diameter of the fiber as well as 
critical flaw size and geometry.   All of these properties can be achieved by proper PAN 
copolymer formulation and appropriate processing techniques and conditions.  The 
discussions in this section are general approaches for producing carbon fibers.  Each 
a b c 
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carbon fiber producer has their own formulation and processing techniques for 
manufacturing high performance carbon fibers.  These remain trade secrets and provide 
an explanation for variations in properties between similar types of carbon fibers produce 
by different manufacturers.  So far, important factors in obtaining high strength and 
modulus fibers (microstructure, geometry and size manipulations) have been discussed.  
As previously mentioned, the properties of the final carbon fibers are highly dependent 
on the PAN precursor; therefore, proper manufacturing of the precursor fibers is 
extremely crucial in high performance carbon fiber production.   
 
2.1.3 PAN Precursor Fibers 
 
 Today, almost seventy to eighty percent of commercially available carbon fibers 
are derived from PAN.  For most part, PAN dominates rayon and pitch precursors for 
developing high performance carbon fibers mainly due to the following reasons [39]. 
1. PAN’s structure (Figure 7) allows faster rate of pyrolysis without much 
disturbance to its basic structure and preferred molecular orientation along the 
fiber axis. 
2. PAN decomposes before melts 
3. A high degree of preferred molecular orientation can be obtained during spinning 
and PAN can be stretched up to 800%.  Further molecular alignment can be done 
during stabilization process when PAN becomes plastic at ~180°C and through 
various post spinning treatments. 
4. High carbon yield (50 – 55%) when pyrolyzed to 1000°C and above. 
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Figure 7.   Structure of polyacrylonitrile 
 
 
 
It has been shown by Hautz [25]  that the ultimate mechanical properties of the finished 
PAN-derived carbon fibers is primarily dependent on the properties of the initiating 
precursor fibers.  For this reason, the development of special grade PAN fibers tailored 
for precursor use is important in the carbon fiber industry.  The suitable precursor fibers 
must have a small diameter, maximum molecular alignment along the fiber axis, highest 
possible crystallinity, and low activation energy for cyclization et cetera [18].   
 Due to the highly polar nitrile groups in PAN (Figure 7), the molecular chains 
experience strong dipole-dipole forces between each other.  These strong dipolar forces 
hinder molecular alignment during spinning.  This is the reason why homopolymer PAN 
precursor fibers produce carbon fibers having inferior properties.  The addition of a small 
percentage of comonomer (2 - 5%) reduces the dipole-dipole force, thus promotes higher 
level of alignment and resulting in improved mechanical properties for the final carbon 
fibers.  Some of the comonomers suitable for PAN precursor [18] are:  vinyl comonomers 
having acidic groups such as acrylic, methacrylic acid, and itaconic acid; esters such as 
methacrylate; amides such acrylimide; and ammonium salts of vinyl compounds such as 
quaternary ammonium salts of amino ethyl-methyl propenoate.  Acidic comonomers are 
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used to lower the temperature of initiation of the cyclization reaction (one of the most 
critical stages in carbon fibers manufacturing).  Cyclization occurs around 180°C 
depending on the type of comonomer used.  In the absence of comonomer heat is evolves 
at a rapid rate, causing local steep rise in temperature that leads to chain scission, hence 
degrading the properties of the produced carbon fibers.  The presence of acidic 
comonomers initiates cyclization through a slow propagation step (ionic mechanism) 
instead of the rapid radical mechanisms common to homopolymer PAN.   This lowers the 
initiation temperature and reduces the problem with chain scission resulting in carbon 
fibers having better mechanical properties.  The amount of comonomer significantly 
influents the stabilization and carbonization processes as well as the properties of the 
final carbon fibers.  The optimum comonomer content is reported to be 2 - 5 mol % as by 
various groups [40-42].  Higher comonomer content reduces the stabilization time and 
enhances the mechanical properties of the carbon fibers.  However, comonomer content 
of higher than 5 mol % is unfavorable, since it reduces the yield of carbon fibers.  
Furthermore, too high of a content accelerates the propagation step during stabilization 
resulting in shorter chain length and poor quality carbon fibers.   
 With the appropriate PAN precursor, the production of PAN-based carbon fibers 
involves five steps [3, 17, 18, 31, 43, 44]: 
1. Spinning of PAN precursor fiber 
2. Stretching/drawing of PAN fiber 
3. Oxidation and stabilization at 200 - 300°C in air under tension 
4. Carbonization at 1000 - 1500°C in inert atmosphere 
5. Graphitization at 2500 - 3000°C  
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2.1.4 Traditional PAN Fiber Spinning Techniques 
 
 Since the properties of the starting PAN precursor fibers determine the properties 
of the final carbon fibers, various techniques are available for spinning of acrylic fibers 
for carbon fiber manufacturing.  The most common precursor fiber spinning methods are 
[18, 43, 44]:  wet spinning; dry spinning; dry-jet wet spinning; and melt spinning.  Wet 
spinning process was more common in the early development of high performance fibers 
and has been lately replaced by wet-jet dry spinning due to higher achievable molecular 
orientation and spinning speed.  PAN decomposes before melting therefore it is more 
practical to spinning PAN fiber from a solution of dimethyl formamide (DMF).   
 
Wet Spinning 
 Wet spinning consists of spinning the fibers in their gel state into a coagulation 
bath containing higher concentration of solvent at low temperature.  As shown in Figure 
8 the spinneret is immersed in the coagulation bath in which the fibers are spun.  By 
controlling the spinning parameters a range of properties can be achieved.  The fineness 
or diameter of the fiber is determined by the spinneret’s orifice diameter, the throughput 
rate, and the take-up velocity.  The fibers gain strength through stretching or drawing 
during spinning.  Final fiber characteristics are dependent on coagulation bath conditions 
and stretching parameters.   
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Figure 8.   Wet spinning process 
 
 
 
 
Dry-Jet Wet Spinning 
 This process (Figure 9) is similar to wet spinning except that the fibers are spun a 
few millimeters (~10 mm) above the coagulation bath, thus allowing molecular 
orientation before coagulation.  This fiber spinning technique has advantages over wet 
spinning such as much finer fibers (< 1 tex) can be produced at a faster speed.  Spinning 
can be done at elevated temperature; therefore, a higher solution concentration can be 
spun, resulting in higher yield.  The resulting fibers are stronger and more stretchable 
than the wet spinning fibers. 
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 Figure 9.   Dry-jet wet spinning 
 
 
 
 
Dry Spinning 
 In this technique, the fibers are extruded to a chamber with hot gas circulated to 
evaporate the solvent (Figure 10).  The spinning speed is much faster than in wet 
spinning; however, the number of filaments per spinneret is less.  The extruded fibers are 
further stretched in boiling water to obtain higher molecular orientation.  The fibers 
produced from dry spinning tend to have a non circular cross section due to the 
differential in the solvent evaporation rate between the surface and core of the fiber.  This 
causes the fiber to collapse and form a dog-bone cross section.   
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Figure 10.   Dry spinning Process 
 
 
 
Melt Spinning 
 
 PAN decomposes before melting; therefore, melt spinning is not a common 
process for producing acrylic fibers.  Success in melt spinning of acrylic fibers had been 
demonstrated in the past by Asashi Chemical and Mitsubishi Rayon [45-47].  The process 
involves mixing the polymer with water and polyethylene glycol (PEG).  This decreases 
the melting point of the acrylic polymer through a plasticizing effect, thus preventing 
degradation of the polymer.  Grove et al [48] reported that the fibers produced by this 
technique have similar microstructure as those produced by dry and wet spinning 
processes.  However, the mechanical properties of these fibers are poor, due to high 
content of surface and internal defects.  Grove et al believe that the properties of the 
fibers can be improved, providing that flaws and defects can be reduced by removing 
impurities from the spinning dope.  Moreton and Watt [49] indicate that precursor fibers 
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spun in a clean room equipped with a series of filters to prevent dust from entry to the 
spinning chamber and to remove the vapors during the fiber stretching stage possesses 
significantly higher strength after heat treatment.  While wet spinning, dry-jet wet 
spinning, and dry spinning produced fibers with circular and dog-bone cross sections, 
melt spinning can produce different geometry fibers including noncircular, trilobal, or 
multilobal cross-sections.  Such complex geometries are excellent for reinforcing plastic, 
due to the greater available surface for matrix bonding.   
 
2.1.5 Stretching or Drawing of PAN Precursor Fibers 
 
  Post spinning process such as fiber drawing further enhances molecular 
orientation along the fiber axis, resulting in carbon fibers having improved mechanical 
properties.  Mathur et al [50] have shown that stretching of the fibers in the presence of a 
solvent such as DMF provides better molecular alignment than in the absence of such a 
solvent.  The trapped DMF reduces the dipole-dipole cohesive forces between the nitrile 
groups of the polymer chains, allowing higher degree of molecular orientation in the fiber 
during stretching.  In order to achieve maximum molecular alignment, the fibers are 
normally stretched in their gel state by passing through a series of coagulation baths 
containing different concentrations [18].  This series of baths reduces the coagulation 
rate, hence permitting a higher degree of chains alignment parallel to the fiber axis.  
Drawing can also be done in steam at 100°C prior to oxidation.  Commonly, the fibers 
are stretched 500 to 1300% of their original length in order to obtain a preferred degree of 
molecular orientation (and thus the desired strength and modulus) before heat treatment. 
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 A typical room temperature stress-strain behavior of the mechanically drawn PAN 
precursor fibers [44] is shown in Figure 11 for different draw ratios.  As can be seen in 
Figure 11, the tensile strength and modulus of the fibers increase as the draw ratio 
increases, while the strain to failure decreases.  In textile terms, the strength and modulus 
of the fibers are expressed in grams per denier (g/den) where denier is also known as 
linear density.  The denier of a fiber is defined as the weight in grams (g) of a 9000 meter 
length fiber.  This allows the strength and modulus to be determined without the 
necessity of measuring cross sectional area of the fiber.  Thus the denier which includes 
density of the fibers is a measure of the cross sectional area.  If a density of 1.18 g/cm3 is 
used for PAN, the tensile properties of the fiber in g/denier can be converted to Pa by the 
following conversion: 
    g/denier x 10.24 x 107 = Pa 
which derives from the area of the fiber 
    Afiber = denier x 0.958 x 10-10 m2 
and    N = g x 9.81 x 10-3 
 The stress-strain curves in Figure 2.9 consist of two regions: an initial elastic 
region due to resistance of the CN-H bonds; and a region of plastic flow of increasing 
resistance to stress (until rupture at about 30 percent elongation).  High draw ratio during 
spinning produced fibers having higher mechanical properties, which is a must for 
producing high strength and modulus carbon fibers [44]. 
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Figure 11.  Stress-strain behavior of PAN fibers at different drawing ratios.  1) low ratio; 
and 2) high ratio. 
 
 
 
2.1.6 Heat Treatment of PAN Precursor Fibers 
 
Stabilization/Oxidation 
 
 After appropriate drawing of the precursor fibers, heat treatment of the stretched 
fibers at low temperature in air under tension is carried out to maintain molecular 
orientation and stabilize the structure.  Figure 12 shows a schematic of the simultaneous 
stretching-stabilizing process. Typically, the stabilization is done at 200 - 300°C at a 
heating rate of 1-2° C/min, and duration varies from 30 minutes to 7 hours [26].  The 
exact processing temperature and time depend upon the composition and diameter of the 
PAN precursor fibers.  The effects of these parameters had been reported by Watt and 
Johnson [51].  The results of their study showed that the stabilized 19.1 µm diameter  
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Figure 12.   Schematic of the stretching and oxidization process of PAN-based carbon 
fiber.[43] 
 
 
fibers revealed a core-shell morphology in the fiber cross section.  Increasing 
stabilization time decreases the core region as the shell thickness increases thus, 
suggesting a diffusion controlled oxidation system.  Smaller diameter fibers required less 
time to fully oxidize while larger diameter requires longer time for oxidation to penetrate 
the center of the fiber.  Watt and Johnson’s study on the stabilization of PAN precursor of 
1.5 denier (small diameter) and 3 denier (large diameter) fibers showed that the finer 
fibers oxidized at a faster rate at a lower temperature (220 – 230°C) and no oxidized 
zones were observed.  The 3 denier fibers on the other hand, took longer time and higher 
temperature (250°C) to oxidize, and the presence of core-shell morphology was observed.  
Due to the nonuniform in oxidation across the diameter, the resulting fibers contain voids 
after carbonization leading to undesirable mechanical properties.  Because of this, small 
diameter precursor fibers are favorable for both processing as well as the quality of the 
final carbon fibers.  In term of composition, homopolymer PAN precursor fibers are more 
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difficult to draw (and, therefore, require higher drawing and relaxation temperatures) as 
compared to copolymer PAN precursors.  As addressed in the previous section, stretching 
of the fiber oriented the polymer chains parallel to the fiber axis.  Fiber shrinkage occurs 
during stabilization, therefore tension is applied to restrict shrinkage and preserve 
molecular orientation [44].  Two types of shrinkages take place during oxidation process:  
physical shrinkage and chemical shrinkage.  Physical shrinkage is due to the entropy 
recovery of the drawn fibers.  The strain developed during the stretching process is 
relaxed during stabilization causing shrinkage in the fibers.  Chemical shrinkage is due to 
the chemical reactions which lead to the formation of cyclized ladder polymer. 
  During the oxidation process, changes in the chemical structure of the precursor 
take place.  This thermally stabilizes the PAN precursor, allowing it to subsequent high 
temperature heat treatments without degradation.  The reactions involved during 
stabilization include the cyclization of the nitrile groups, dehydration of saturated carbon-
carbon bonds, and oxidation.  These reactions convert the PAN molecules into condense 
hexagonal ring structure containing carbon-nitrogen double bonds (i.e. the ladder 
structure).  The generation of C=C bonds, hydroxyl (-OH) and carbonyl groups (-CO) 
promotes cross-linking between the PAN molecules, leading to the formation of the 
ladder structure that provides thermal stability to the polymer.  This prevents fusing and 
melting of the fibers when subjected to elevated temperature heat treatment.  The changes 
in molecular structure of PAN during stabilization are shown in Figure 13. 
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Figure 13.   Molecular changes in PAN precursor after stabilization and oxidation. 
   
 
 
Carbonization and Graphitization Processes  
 The stabilized PAN precursor fibers are converted to carbon through a process 
called carbonization.  Carbonization usually involves a two-stage heating, with the first 
zone being at 600°C in an inert atmosphere (nitrogen, argon, or non oxidizing media) at a 
slow heating rate (< 5°C/min) and under very low tension [18, 44].  A slow heating rate is 
necessary to avoid fast mass transfer, a leading cause in surface irregularity and pore 
formation due to the diffusion of involved gases, etc. [52]  During this stage, volatile 
byproducts and water from the crosslinking of ladder polymer are released; therefore the 
heating rate must be slow to avoid damage to the fibers due to exothermic reactions.   
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Second stage carbonization can be done at higher heating rate at a temperature between 
600-1500°C (~20°C/min) [43].  This heating zone involves the evolution of the 
remaining elements N2, HCN, and H2.  The resulting diameter of the produced carbon 
fiber is approximately half the size of the PAN precursor fibers [43, 53]. 
 After the carbonization process, the fibers possess a structure having small 
crystallites.  A higher temperature heat treatment (graphitization) to increase the size and 
alignment of the crystallite is carried out above 1500°C (usually between 2000-2500°C).  
Catalyst such as chromium oxide, manganese dioxide, vanadium oxide and molybdenum 
oxide can be used in this stage to promote crystallite growth [18].  It has also been 
reported that PAN precursor fibers that had been stabilized at higher temperature (300-
400°C) not only posses denser, highly ordered and compact structural units but can be 
carbonized at a very fasting heating rate (200-300°C/min).  The resulting carbonized 
fibers show significant improvements in mechanical properties as compared to those 
stabilized at low temperatures (200-300°C).  Furthermore, the fibers can be directly 
graphitized to 2500°C at a heating rate of 100-200°C/min to produce high modulus 
carbon fibers with a small sacrificed in strength.  This method is more economical for the 
carbon fiber production due to the significant reductions in the carbonization and 
graphitization time.   
 After graphitization the carbon content in the final carbon fibers is greater 99%.  
The removal of nitrogen during carbonization and graphitization takes place gradually 
over a range of temperatures.  The approximate amount of nitrogen remain at each stage 
is listed below [43]. 
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   600°C  –  nitrogen evolution starts 
   900°C  –  maximum evolution 
   1000°C -  6% nitrogen remain 
   1500°C -  0.3% nitrogen remain 
 From Thomas Edison’s invention of the carbon filament in the late 1800s to 
today’s carbon fibers, factors important to the production of high performance carbon 
fibers have been reviewed in this section.  It can be seen that by manipulating the 
composition and processing of the PAN precursor fibers and tailoring heat treatment to 
control the crystallographic structure of the graphite, high performance carbon fibers can 
be obtained.  For almost a century, optimization in the mechanical properties of carbon 
fibers has been highlighted by control processing of good quality PAN precursor fibers 
and morphology of high performance carbon fibers.  The significant effect of fiber 
diameter on the properties of the carbon fibers was clearly explained. Decrease in fiber 
diameter not only reduces the probability of defect inclusion in the fiber structure but also 
offers benefits in achieving a more economical carbon manufacturing process while 
maintaining or even further improving fiber properties.  Existing commercial carbon 
fibers, i.e. intermediate modulus carbon fiber (dia. ~ 5-7µm; E ~ 270GPa; and σ ~ 4800-
6000MPa), demonstrate the principle of decreasing fiber diameter to gain higher strength 
and modulus.  From Figure 5, it can be seen that if the diameter of AS4 carbon fiber is 
decreased from 12 - 5µm, a four fold increases in strength is observed.  It would be of 
interest to further decrease the fiber diameter, perhaps down to the nanometer scale; will 
this trend hold and what level of property improvement can be achieved?  So far, 
commercial fibers are produced by either melt spinning or solution spinning with 
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diameters in the micrometer level.  There are several techniques of producing nanofibers 
such as the template method [54], islands in the sea method [55] and the electrostatic 
spinning process.  Among the methods, electrospinning is the most feasible and 
economical for producing submicron diameter fibers and will be used in this research 
study. 
 
2.2 Electrospinning Process 
 
 Electrostatic spinning or electrospinning is a non mechanical, electrical driven 
technique of producing ultra fine fibers in the submicron diameter range.  This process 
involves the use of a high electric field to generate electrostatic forces which induce the 
formation of fibers from a polymer solution.  The first patent on electrospinning process 
was issued to Anton Formhals in 1934 [16].  Formhals’ patent claimed the novelty of 
capable of producing parallel filaments in continuous length, enabling the filaments to be 
used in textile applications.  Formhals modified the existing electrostatic spinning 
apparatus to allow collection of continuous fibers through the used of a drum take-up.  At 
that time the produced fibers were still in the micrometers in diameters.  Formhals’ 
invention did not gain much attention since the concept was beyond his time and other 
available fiber spinning methods were more efficient and practical. The electrospinning 
process can be described (based on the current trends of nanofiber development) thusly:  
when a high voltage is applied to a polymer solution, a high electric field is generated 
between a polymer fluid (contained in a spinning dope reservoir with a capillary tip or a 
spinneret) and a metallic fiber collection ground surface.  When the voltage reaches a 
critical value, the charge overcomes the surface tension of the deformed drop (Taylor 
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Cone) of the suspended polymer solution formed on the tip of the spinneret, and a jet is 
produced.  The electrically charged jet undergoes a series of electrically induced bending 
instabilities during its passage to the collection surface which results in the hyper-
stretching of the jet.  This stretching process is accompanied by the rapid evaporation of 
the solvent molecules, further reducing the diameter of the polymer jet.  The dry fibers 
are accumulated on the surface of the collection plate, resulting in a non-woven mesh of 
nano-to-micron diameter fibers.  The process can be adjusted to control the fiber diameter 
by varying the electric field strength and polymer solution concentration, whereas the 
duration of the electrospinning controls fiber deposition thickness.  A schematic drawing 
of the electrospinning process is shown in Figure 14.   
  
  
Figure 14.   Schematic setup of the electrospinning process. 
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 For several decades after the first patent was issued to Formhals, no real 
applications was assigned to this process (except for gradual studies on the behavior of 
the fluid jets in the presence of an electric field).  In 1969, Sir Geoffrey Taylor [56] 
published a paper entitled “Electrically Driven Jets” explaining the effect of an electric 
field on the geometry of a viscous liquid droplet suspended at the end of a capillary.  The 
formation of a cone shape (Taylor Cone) followed by a jet forming at the apex was 
observed when the applied electric field overcomes the surface tension of the liquid 
droplet.  Taylor provided a comparison between the actual potential required to form the 
Taylor cone and the mathematical predictions for different types of slightly conductive 
viscous fluids.  The critical voltage required to stretch the suspended droplet (or initiation 
of the Taylor Cone) at the end of a pressurized tube was expressed as follow [56, 57]: 
 
            )117.0(
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⎛=                (3) 
 
where  Vc = critical voltage 
 H = distance between the capillary tip and the ground 
  L = capillary length 
 R = capillary radius 
 γ = surface tension of the liquid 
 A similar relationship correlating the applied electric field and surface tension of 
the droplet for the electrostatic spraying from a hemispherical drop pendant from a 
capillary tube was also contributed by Hendrick et al [58, 59]. 
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    rV πγ20300=       (4) 
 
where r is the radius of the pendant drop.   These expressions were developed for droplet 
formation for slightly conducting, monomeric fluids stably suspended from the capillary 
tube and surrounded by air.  The models did not take into account the dependency of 
viscosity and conductivity which play important roles in the electrostatic atomization 
process.  This can greatly influence the equilibrium angle (49.3°) that balanced the 
surface tension and with electrostatic forces that Taylor determined and used in his 
derivation of the critical voltage.  Although viscosity and conductivity terms are not 
included in these equations, the relationship between surface tension and applied voltage 
serves as a useful guide for electrospinning of slightly conducting, medium-to-low 
viscosity solutions [59].   
 In 1970, Baumgarten [60] was the first to take the initiative in applying the 
electrostatic atomization techniques to polymer solutions.  His study concentrated on the 
spinning of acrylic resin-dimethyl formamide (DMF) systems at various concentrations 
and viscosities, producing fibers of less than 1µm in diameter. The study highlighted the 
effects of solution viscosity, surrounding gas, flow rate, etc. on the fiber diameter and jet 
length.  In addition, the effect of electrical conductivity of the polymer solution on the 
spinning mechanism and spinning velocity were also discussed.  The experiment showed 
that as the solution viscosity increased the fiber diameter increased (approximately 
proportionally) to the jet length.  The relationship between fiber diameter and solution 
viscosity was established by Baumgarten and expressed by the follow equation: 
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     d = η0.5     (5) 
 
where d is fiber diameter, and η is solution viscosity in poise.  It is also shown that fiber 
diameter is highly dependent on the applied electric field.  Increasing the applied voltage 
increases the electrostatic stresses, which, in turn, produce smaller diameter fibers [57, 
60].   
 The effects of humidity on the spinning of fibers were also studied by 
Baumgarten.  The usual spinning atmosphere was air at 30 – 40 % relative humidity.  In 
dry air with relative humidity less than 5%, spinning could only run for 1 - 2 minutes due 
to the quick dry out of the spinning droplet.  In humid air greater than 60% humidity, the 
fibers did not dry properly and fused together as they accumulated on the collection plate.   
 A qualitative correlation between fiber diameter and viscosity was made by 
Larrondo and Manley in their melt electrospinning of polyethylene and isotactic 
polypropylene [61].  An increase in melting temperature decreases the viscosity of the 
polymer due to higher molecular mobility, thereby decreases the diameter.  They also 
indicated that fiber diameter decreases as applied voltage increases.  Fiber diameter 
decreases by half when the applied electric field is doubled.  In addition, the strain rate 
within the spinning jet is a contributing factor for molecular orientation along the fiber 
axis. 
 Other parameter such as the effect of liquid conductivity and surrounding 
environment on the liquid jet were studied by several groups [56, 60, 62, 63].  It was 
observed that solution conductivity plays a vital role in the formation of stable jets.  
Conducting liquids, (water, for example) formed unstable jets, whereas insulating liquids 
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like paraffin oil produced stable jets due to insufficient free ions in the bulk liquid.  With 
semiconducting liquids, stable jets with conical base were produced [62].  Changes in jet 
characteristics and droplet shape in response to applied voltage variation were also 
observed in these experiments. 
 The relationship between liquid conductivity and capillary size was also 
demonstrated in Taylor’s study.  For a constant flow rate, it showed that small capillaries 
are more suitable for the formation of stable jets for highly conductive liquids.  For low 
conductivity liquids, large diameter capillaries were required in order to form stable jets.  
For intermediate range of conductivity (7.14 x 10-9 to 2.22 x 10-6 Ω-1 m-1), the effect of 
capillary diameter altered the velocity of the liquid issuing from the capillary.  The 
velocity is the ratio of the mass flow rate to the cross-sectional area of the tube [62, 63]. 
 The effect of physical variables such as capillary size, capillary-ground plate 
spacing and onset potential (V0) on electrospinning mechanism were investigated by 
Smith [64].  Smith developed a model relating these variables through an expression: 
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where T is surface tension, rc is the capillary radius, θ0 is cone half angle, h is capillary-
ground plate spacing, ε0 is permittivity of free space, and A1 is an empirical constant 
experimentally determined.  From his experiment, Smith concluded that as the capillary 
diameter, capillary-plate distance, or surface tension of the droplet increases, the onset 
potential should increase.   
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 Up to this point most of the studies were concentrated in the understanding of the 
electrostatic atomization process and development of mathematical models relating the 
physical variables that affect the formation of the droplets and liquid jets.  The formation 
of submicrometer fibers from polymer solutions was investigated around the middle of 
the 20th century.  However, not enough attention was attracted to this method due to the 
random arrangement of the formed fibers and low yield.  In addition, benefits of smaller 
fiber diameters were overlooked until the mid 1990s.  In 1995, electrospinning of fine 
fibers of poly(p-p-phenylene terephthalamide) (PPTA), also known as Kevlar, was 
attempted by Srinivasan and Reneker [65].  Kevlar 49 fibers were dissolved in sulfuric 
acid and electrospun into a grounded water bath where the fibers were formed by 
coagulation.  The resulting electrospun Kevlar fibers had diameter about an order of 
magnitude smaller than the originally supplied monofilament Kevlar, with diameter in the 
range of 13 to 18 µm.  They expected that the mechanical properties of the electrospun 
fibers to be superior as compared to the monofilament Kevlar since they both posses 
similar morphology.  However, no mechanical properties were reported in their paper.   
 An in depth study of the electrospinning of nanofibers from polymer solutions and 
their potential applications were provided in Doshi and Reneker’s paper [66].  Fibers 
having diameters in the range of 50nm to 5µm were electrospun from aqueous 
polyethylene oxide (PEO, Mw = 145,000 g/mol) solutions at a range of concentrations (1-
7 wt. %).  Doshi and Reneker concluded that as the polymer concentration increases, the 
solution viscosity increases, hence higher voltage is required to spin fiber.  For the 
aqueous PEO system, a solution viscosity below 800 centipoise resulted in only beads 
being produced as the solution was too dilute to form a stable jet.  Above 4000 
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centipoise, fibers did not readily form owing to the drying of the solution at the capillary 
tip.  The dependency of jet diameter on the distance between the capillary tip and the 
grounded target was also observed.  Smaller distance resulted in larger jet diameters, as 
insufficient time was available to elongate the jet.  This elongational flow forced the 
polymer molecules to orient in the direction of the fiber, which is highly preferred in fiber 
manufacturing.  Fiber diameter can be tailored by varying spinning parameters such as 
electric field strength, distance between the capillary tip and the collection plate, and 
solution viscosity. 
 In order to generate uniform, continuous, reproducible nanofibers, it is important 
to understand the parameters affecting the diameter of the fibers by the electrospinning 
process.  Although the process of electrospinning has been known for over half a century, 
the current understanding of the process and those parameters is very limited.  Many 
processing parameters influence the spinnability and physical properties of nanofibers, 
including electric field strength, the concentration of the polymers, spinning distance, and 
viscosity of the polymer, etc.[60].  Experimental evidence has shown that the diameter of 
the fiber produced by electrospinning is influenced not only by the concentration of the 
polymer but also by its molecular conformation [67, 68].  A dimensionless parameter 
called the Berry number (Be) [69-71] was used by various groups of researchers as a 
processing index for controlling the diameter of fibers.  Be number is defined as:   
 
     Be = [η]*C     (7) 
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where [η] is the intrinsic viscosity of the polymer which is the ratio of the specific 
viscosity to the concentration at an infinite dilution, and C is the concentration of the 
polymer solution.  Intrinsic viscosity is polymer molecular weight dependent.  The degree 
of the entanglement of polymer chains in a solution can also be described by Be.   
 In very diluted solutions, when Be is less than unity, the molecules of the polymer 
are sparsely distributed in the solution.  There is a low probability for individual 
molecules to become entangled in each other. At a Be of greater than one, the 
concentration of the polymers increases and so the level of molecular entanglement 
increases, resulting in more favorable conditions for the formation of fibers [72].   This 
phenomenon is illustrated in Figures 15 and 16.  Han et al utilized Be for the first to  
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Figure 15.   Be number vs. average fiber diameter 
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Figure 16.   The relationship between Berry number, molecular conformation, and fiber 
diameter. 
 
 
examine the effects of concentration and molecular conformation on the diameter of the 
electrospun fibers [68].  A relationship between fiber diameter and concentration was 
established for the PAN/DMF system.  The results indicated that fiber diameter increased 
with solution concentration according to the power law relationship [73, 74] or followed 
the function x2 in Han’s case.  The Be for this material system was determined to be 1 to 
4.   
 Another study by Ko et al on the relationships between the concentration and the 
fiber diameter  of a Poly(L-lactic acid)-PLLA of different molecular weights in 
chloroform [75].  Their results are in agreement with Han’s, suggesting that fiber 
diameter increases with molecular weight and viscosity.  The Be for this material system 
was found to be 1 to 5.  It was later shown by Ali that Be is a function of the polymer 
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being spun and the numbers are not contained between a certain range, but this remains 
an effective way to classify the spinnability of the polymer solution [76].  This approach 
provides a way for tailoring the diameter of the fiber through the proper selection of 
polymer molecular weight and polymer concentration.   
 At the turn of the century, electrospinning has gained considerable attention due 
to its uniqueness in producing fibers with diameter smaller than 100nm and up to 
micrometers.  Nanofibers were successfully spun from a variety of polymer systems such 
as high performance polymers, liquid crystalline polymers, textile fiber polymers 
biopolymers, and electrically conducting polymers.  Recent advancement in the field of 
nanotechnology, typically, the availability of a family of nanomaterials such as 
nanoparticles and carbon nanotubes (CNT) as reinforcement materials has attracted 
considerable interests in the area of nanocomposite.  The remarkable properties of these 
nanofillers continue to draw interest in the development of multifunctional properties 
nanofibrils for many applications.  Due to the nature of random arrangement of the 
electrospun fibers, early expectation on possible commercial use of electrospinning 
includes agriculture, medical, composite, filtration, clothing, etc. [66].  The 
electrospinning process continued to develop and as a result a better understanding of the 
process has been established.  Stepping into the 21st century, there are demands for well 
controlled, aligned, and continuous (reinforced and unreinforced) nanofibers for potential 
application in advanced textiles composites, scaffolds for tissue engineering, electronics 
devices, wearable electronics, and many other applications.  A combination of nano 
diameter fiber and nano reinforcement materials would produce multi-functional 
composite nanofibers with properties superior to the existing microscopic fibers.   
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Advantages of Nanofibers 
  
 As previously mentioned, strength of a fiber increases as the diameter decreases 
due to reduction of defect inclusion in the fiber.  In addition to this phenomenon, fiber 
with diameter in the nanometer scale provides enormous increase in surface area.   The 
specific surface area (As) of the fiber can be estimated from the cross section diameter 
according to the relationship [77]: 
 
     
D
As ρ
4=      (8) 
 
where ρ is the density of the fiber and D is the diameter of the fiber.  It can be seen from 
Equation 8 that As is inversely proportional to diameter.  Thus, if diameter decreases, As 
increased.  Also, the aspect ratio (L/D) would significantly increase as the diameter of the 
fiber decrease.  If smaller fibers (nanometer diameter) are to be used as reinforcement in 
composite materials the extremely high surface areas would provide much more 
mechanical bonding between fiber and matrix.  In the area of fuel cell development, 
nanofibers membrane provides enormous surface area for chemical reactivity that can 
lead to high efficiency fuel cell.  The available of high surface area would promote cell 
proliferation and differentiation in the application of scaffolds for tissue engineering, also 
nanoscale matrices biomimic the natural extra cellular matrix in the tissues of the body 
[78].  In the area of biological and chemical protective garments, nanofibers would allow 
controllable porosity that enables filtering and detection of harmful molecules.   
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 The addition of nanofillers would generate not only multifunctional fibers but also 
fibers with specific tailor made function.  Nanofiller can enhance the electrical, thermal, 
mechanical, or magnetic of nanocomposites.  One of the most exciting areas in 
nanotechnology at present is the utilization of the extraordinary properties of carbon 
nanotubes, especially single wall carbon nanotube (SWNT) to reinforce polymeric fibers 
for properties enhancement in polymeric base composites. 
. 
2.3 Structure and Properties of Carbon Nanotubes 
 
 Since the discovery of carbon nanotubes (CNT) in 1991 by Ijima [4] of NEC, they 
have become one of the most intensively studied materials in the last decade.  The first 
nanotubes discovered by Ijima are made up of carbon atoms arranged in a graphitic 
structure and are nested inside one another resembling that of Russian dolls, and the ends 
were closed by conical caps (half of a fullerene) [79].  These carbon nanotubes are known 
as multiwall carbon nanotubes (MWNT).   
 In 1993, Ijima introduced the single wall carbon nanotubes (SWNT) which were 
synthesized similar to the MWNT except that some metal particles were added to the 
carbon electrodes [80].   Shows in Figure 17 are computational images of SWNT and 
MWNT.  Structurally, SWNT and MWNT are similar except that MWNT are composed 
of more than one wall arranged concentrically like ring of tree trunk. The layers are held 
together by weak van der Waals bonds.  The diameter and length of the carbon nanotubes 
(CNTs) varies depending on the method they are produced.  SWNTs can be made with a 
diameter in the range of ~0.4 – 3nm with ~1.2nm being the average diameter.  MWNTs 
on the other hand are approximately several nanometers to tens of nanometers in  
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Figure 17.   Computational image of SWNT and MWNT [81]. 
 
 
diameter.  The length of the CNTs are typically in the microscopic range which normally 
result in aspect ratio of >100 to as high as 10,000 depending on synthesizing method. 
 A major feature of the structure of CNT is the periodically repeated hexagon 
patterns (honeycomb) forming a graphene sheet.  The periodicity arrangement of the 
hexagons causes each atom to bond to three neighboring atoms, a process of sp2 
hybridization [82, 83], in which one s-orbital and two p-orbitals combine to form three 
hybrid sp2-orbitals at 120° to each other within a plane as shown in Figure 18.  The 
strong in-plane covalent bonds (σ-bonds) give CNT its impressive mechanical properties.  
The out-of-plane (π-bonds) that is relatively weak contributes to the interaction between 
the layers of MWNTs, and between SWNTs in a bundle [82, 84].   
Capped SWNT 
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 As mentioned in the earlier part of this chapter, if carbon fiber were produced 
from infinitely large graphite layers then the mechanical properties of the fiber would 
approach theoretical value of graphene sheet, assuming low concentration of defects 
 
 
Figure 18.  Basic hexagonal bonding structure for graphene sheet. Filled circles are 
carbon nuclei, out-of-plane π-bonds, and in-plane C-C σ-bonds [84]. 
 
 
 
 
within the structure.  Instead of having large graphene sheet, CNT are composed of tiny 
graphene sheet(s) rolled into tiny cylinders with higher aspect ratio (L/D) than carbon 
fiber.  Because of the extreme smallness, CNT structures contain very low defect density 
or are almost defect free, a major contributing factor to extraordinary properties.    The 
measured specific tensile strength of CNT can be as high as 100 times that of steel, and 
the graphene sheet is as stiff as diamond at low strain.  It has been reported that the 
Young’s modulus  of SWNT is ~1 - 1.2 TPa [7, 85-89], tensile strength of ~37 GPa at a 
failure strain of ~6% [7, 90, 91].  However, a range of tensile modulus (0.4 – 5 TPa) and 
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tensile strength (37 – 200 GPa) of SWNT has been reported over the years.  The large 
variation in the values arising from the different methods of calculation and assumption, 
primarily due to the assumed thickness of the nanotube wall which lead to a large 
variation in cross sectional area and thus the modulus and strength.  A comparison of 
Young’s modulus of carbon nanotubes estimated by various groups of researchers is 
provided in Table 2.  The most impressive feature of SWNTs is the density-normalized 
tensile modulus and strength, ~19 and ~56 times that of steel wire, and ~2.4 and ~1.7 
times that of silicon carbide rods [7, 92].  These mechanical properties motivate further 
study of lightweight and high strength materials such as SWNT reinforced polymer [84, 
93].    
   
Table 2.   Comparison of the Young's moduli of carbon nanotubes estimated by various  
groups. 
 
Authors E (TPa) υ Year Method Reference 
Yakobson 5.5 0.19 1996 Molecular Dynamic [94] 
Zhou et al 0.77 0.032 2001 Theoretical [95] 
Lu 1.0 0.28 1997 Molecular Dynamic [96] 
Tu 4.7 0.34 2002 Theoretical [97] 
Chang and Gao 1.325 0.26 2003 Molecular Dynamic [98] 
Krishnan et al 1.25 - 1998 Theoretical [99] 
Li and Chou 1.05 - 2003 Finite Element Modeling [100] 
Yu et al 0.27-0.95 - 2000 Experimental [92] 
Li et al 0.79 - 2000 Experimental [101] 
Demczyk et al 0.9 - 2002 Experimental [102] 
 
 
 In addition to being the strongest materials known, SWNTs also possess 
extraordinary electronic and thermal properties.  Depending on the rolling direction of the 
graphene sheet, SWNT of different chirality can be formed.  There are three different 
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chiralities: armchair, zig-zag, and chiral.  A conventional way of identifying the types of 
SWNT is by reference to rolling of the graphene sheet.  Using the key geometric 
parameters associated with the roll-up vector r, which can be expressed as the linear 
combination of the lattice basis (a and b), following the notation in references [5, 6, 103-
105] and Figure 19: 
 
     r = na + mb      (9) 
 
 
 
Figure 19.   Definition of roll-up vector as linear combinations of base vectors  
a and b [84]. 
 
 
 
 It is possible to associate a particular integer pair (n, m) with each SWNT.  The 
relation between n and m also defines the three different structures of SWNT.    Armchair 
nanotubes are form when n = m and the chiral angle is 30° (Figure 20a).  Zigzag 
nanotubes are formed when either n or m is zero and the chiral angle is 0° (Figure 20b).   
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Figure 20.   SWNTs of different helicities:  a)  armchair, helicity of 0°; b) zigzag, helicity 
of 30°; and c) chiral, helicity between 0° and 30° 
 
 
 
 
All other CNT with chiral angle between 0° and 30° are identified as chiral nanotubes 
(Figure 20c).   
 
 The chirality identifies the electronic properties of the SWNT.  Armchair 
nanotubes are classified at metallic while zigzag and chiral nanotubes are classified as 
semiconductor.  Electronic transport in metallic SWNT occurs ballistically over the 
length of the tube due to the one-dimensional electronic structure that prevent scattering  
thus, allowing SWNT the capability to carry high currents without heat generation [106, 
107].  Superconductivity had been observed at low temperature for various diameters 
SWNT [108, 109].  The one-dimensional electronic structure also allows easy 
propagation of phonons along the tubes resulting in excellent thermal properties.  The 
measured room temperature thermal conductivity of SWNT is greater than that of natural 
diamond and the basal plan of graphite [110].  It has been indicated that electronic 
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properties of the SWNT are highly dependent on the chirality and diameter of the 
nanotubes [7, 79, 81, 105, 111].  The Young’s modulus of SWNT shows small 
dependence on the tube diameter and chirality [85, 112-114]. 
 
2.4 Dispersion and Functionalization of Single Wall Carbon Nanotubes 
 
 The superior properties of SWNT have created steady progress in the 
development of potential applications in the field of nanotechnology.  SWNT has been 
considered in numerous applications including electrochemical devices, nanoelectronic 
devices, hydrogen storage, field emission devices, nanocomposites, etc.  It is essential to 
have a good dispersion and orientation of the SWNT in order to optimize the properties 
(mechanical, electrical and thermal) of the final product, especially in the nanocomposite 
application.   
 SWNT have smooth, uniform interaction surfaces along the length therefore have 
high affinity to attract each other and form aggregate, packed ropes, or entangle into 
networks due to strong inter tube van der Waals attraction.  These issues impair 
maximum translation of properties to the meso and macro structural levels.  In order to 
fully utilize the properties of SWNT, there is a need for a well dispersion process, 
uniform distribution, and orientation of the SWNT.  This can be done by mean of 
chemical modification by attaching functional groups to the surface of the SWNT, or 
non-chemical functionalization through wrapping the SWNT with a surfactant.  These 
techniques disrupt the surface uniformity of the SWNT thereby reduce the van der Waals 
interaction between tubes, thus preventing the tubes from re-agglomerating.  In addition, 
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surface modification induces tube-matrix interaction resulting in better interfacial 
bonding, allowing load transferring across the SWNT-matrix interface.   
 Chemical modification is a two-step chemical reaction process where the atoms 
on the surface of the tube are oxidized to carboxylic acid groups then covalent bonds 
them to the polymer by esterification [115-121].  This process is time-consuming, since it 
involves breaking the covalent bonds on the wall of the SWNT and forming new ones.  
Most importantly it tends to damage the pristine structure of the nanotube [122] and 
greatly reduce the tube properties.  Recently, Namilae et al [123] used molecular 
dynamics and static simulations to study the tensile response of functionalized SWNT.  
They reported that there is a marginal increase in stiffness in the functionalized 
nanotubes, and the stiffness increases with the increase in number of attachments.  Their 
model indicates that functionalized tube exhibits stress fluctuation within the structure 
and this is a result of variation in diameter due to chemical attachment. After 
functionalization, the geometry of the nanotubes deviates from cylindrical and becomes 
“serrated” thus, explaining the increase in stiffness and fluctuation in stress.  
Furthermore, at high temperature formation of topological defects and failure are 
observed to occur at lower strain as compared to untreated SWNT.   
 There are several methods of non-chemical modification that reduces the van der 
Waals attraction between tubes [124-130].  Bandyopadhyaya et al used a very simple 
procedure to disperse entangled SWNT into individual, well-separated tubes in aqueous 
solutions utilizing a highly branched natural polymer, Gum Arabic, as a dispersing 
reagent. This dispersal mechanism is based on the steric repulsion between the polymer-
coated tubes [129].  Li et al [129] utilized a polycation dispersant, 
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poly(diallyldimethylammonium chloride) (PDMA), to disentangle the nanotubes by 
generating electrostatic repulsion between the positively charged nanotubes.  O’Connell 
et al used a different technique to reduce the van der Waals forces via disruption of the 
uniformity of the tube surface by wrapping it with a linear polymer such as 
polyvinylpyrrolidone (PVP) or polystyrene sulfonate (PSS) as illustrated in Figure 21 
[130].  These techniques are not associated with breaking and forming new bonds; 
therefore there is less tendency of defect formation.   
 Kim et al [131] reported a technique for exfoliating SWNT without damage to the 
tube structure or shorten its length through the use of an electrochemical treatment in a 
nitric acid.  Davis et al claimed that SWNT could be dispersed at high concentration in 
superacids; the protonation of SWNTs sidewalls eliminates intertubes van der Waals 
 
 
Figure 21.   Possible wrapping arrangement of PVP on an (8, 8) SWNT.   A double helix 
(top) and a triple helix (middle).   Multiple parallel wrapping strands from the same 
polymer chain (bottom) [130]. 
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interactions and promotes better dispersion [132].  Park et al proposed another technique 
for dispersion of SWNT in polyimide by in-situ polymerization under sonication during 
the reaction [133].  Similarly, Kumar et al reported good dispersion of SWNT in poly(p-
phenylenen benzobisoxazole) (PBO) through in-situ polymerization [9]. 
 
2.5 CNT Reinforced Polymer Composite 
 
 Since the discovery of CNT, much of the research in the earlier years was focused 
on the properties, characterization and development of devices for analyzing and 
processing nanostructures.  After almost a decade, the properties and behavior of CNT 
were relatively well understood and established.  CNT has progressed into a new era 
where they are being considered in practical applications.  The unique physical properties 
of SWNT, including mechanical, electrical and thermal properties have attracted 
considerable interest in the field of advanced materials for a wide range of applications, 
especially in the nanocomposites area.  The use of CNT as filler in composite allows one 
or more or all of the above properties to be achieved.  SWNT can be thought of as the 
ultimate carbon fiber with tensile strengths and moduli as high as 200 GPa and 1 TPa 
[102, 134] respectively at a breaking strain close to 6% and yet with low density ~1.2 
g/cm3.  With 500 times more surface area per gram (based on equivalent volume fraction 
of carbon fiber) and aspect ratio of about 103, SWNT has spurred a great deal of interest 
in the reinforcing polymer [135].  CNT as reinforcing media in polymer provides many 
benefits over traditional carbon black micro-particles as there is significant improvement 
in composite properties at a much lower content.   
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2.5.1 Electrical Properties of CNT Reinforced Polymer Composites 
 
 As reported by Sandler et al [136] the electrical percolation threshold occurs at 
0.0025 wt. % CNT and at 1 wt. % CNT the composite exhibits a conductivity of 2 S/m.  
Sreekumar et al [13] also reported noticeable increase in electrical conductivity of 
specially prepared high content SWNT/oleum films.  The conductivity was an order 
magnitude lower than individual SWNT but much higher than that of the SWNT bucky 
paper (a nonwoven mesh of SWNT).  Liu et al [137] studied the supercapacitor properties 
of SWNT/PAN and SWNT/activated carbon films.  The results indicated that the 
SWNT/activated carbon film exhibited a non-linear discharging behavior and the power 
and energy densities were significantly higher.  Kymakis et al [138] found that the optical 
and dielectric properties of SWNT/poly(3-octylthiophenes) composite film can be 
specifically designed by controlling the volume fraction of SWNT in the composite.  
 
2.5.2 Mechanical Properties of CNT Reinforced Polymer matrices 
 
 The unique and promising properties of CNTs make them an important basic 
building block for a new class of engineering materials that will have significant impact 
on the next generation of advanced products ranging from aerospace vehicles, to surgical 
implants, to micro and nanoelectronic components.  In spite of these promising 
characteristics, full translation of these superior properties to the meso and macro 
structural levels has not yet achieved.  This can be attributed to the unique dimensional 
and surface characteristics of the CNT that affect, concomitantly, the performance and 
processability of CNT structures.  With a diameter of 1 nm and length of 1-2 µm, SWNT 
provides a high aspect ratio and an enormous amount of available specific surface area 
   
  59
 
  
for mechanical bonding to the matrix in a composite.  However, the fineness of the 
SWNT promotes agglomeration and formation of un-oriented ropes, which prevents full 
translation of properties.  During the past years, researchers have attempted to form 
aligned CNT composites [139] but still full translation of the CNT properties has not 
been achieved.  This is due, in part, to the inert nature of the CNT surface resulting in a 
weak interface between the CNT and the matrix, and thus leading to poor translation of 
strength and modulus from the CNT to the composite structure.  Although, the properties 
of CNT are well understood but uniform dispersion of CNT into individual tube remain a 
major challenge.  Recent development of better CNT disentanglement techniques have 
led to significant improvement in the properties of nanocomposites but still not to the 
level of prediction.   
 CNT have been incorporated in epoxy resin and thermoplastic films for various 
properties achievement [13, 135, 137, 138, 140-144].  Significant toughening of polymer 
matrices through the incorporation of small loading of CNT has been reported [13, 145, 
146].  A loading of 1 wt. % MWNTs in ultra-high molecular weight polyethylene film 
exhibited 150% increase in strain energy density and 140% increase in ductility [146].  
The toughening mechanism is due to slippage between CNT bundles as suggested 
through the fibrillar morphology of the fracture surface [13, 135].   
 Zhang et al [140] used the SWNT exfoliation technique described by O’Connell 
et al [130] to produce poly(vinyl alcohol)/SWNT composite films containing 5 wt. % 
SWNT.  The resulting PVA/PVP/SDS/SWNT film (without postprocessing treatment) 
exhibited a 78 % increase in tensile yield strength (83 to 148 MPa), and the Young’s 
modulus was increased by 110% (1.9 to 4 GPa) as compared to the pristine PVA film.  
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They also indicated that crystallinity of PVA in the 5 wt. % SWNT composite film was 
13 % lower than in the pure PVA film.  Thus, according to them increase in tensile 
strength and modulus in the SWNT containing film was not attributed to changes in 
crystallinity.  In contrast, some groups have reported that the presence of nanotubes in 
polymer matrices induces nucleation rate and change the crystalline morphology of the 
polymer from spherulite to fibrillar structures [9, 147, 148].  In addition, PVA film 
containing SWNT remained un-dissolved in boiling water after 8 hrs while the PVA 
films without SWNT dissolved within 30 minutes.  SWNT orientation induced during 
deformation was also observed through monotonic increase in Herman’s orientation 
factor from 0 to 0.22 corresponding to 0 to 44% strain [140, 149].  Furthermore, the load 
transfer from polymer matrix to SWNT can be monitor through the Raman D* band 
(strain sensitive peak) of SWNT at 2600 cm-1 [150-153].  Zhang et al confirmed excellent 
load transfer between PVP-wrapped SWNT and PVA matrix through the shift in the D* 
band as a function of strain.  The obtained D* band shift versus strain appeared similar to 
the stress-strain curve for the corresponding film [140].   
 Some earlier publications have reported up or down shifting of the Raman peak 
near 2600 cm-1 with compressive and tensile strain in the CNT respectively [150, 154, 
155].  Ruan et al [155] monitored the tensile load transfer to MWNT in a UHMWPE 
matrix by the Raman peak shifting at 2691 cm-1 and found four regions of strain behavior 
(Table 3).  A different group reported Raman peak shift at 1594 cm-1 to the tensile strain 
in SWNTs reinforced epoxy by: 
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where the Gruneisen parameter γ = 1.24 and Poisson ratio ντ = 0.28.  Lucas and Young 
observed intensities change in the radial breathing mode of SWNT in a low SWNT 
concentration/epoxy composite subjected to strain under four point bending [156].   
 
Table 3.   Raman shift (2691 cm-1) vs. percent tensile strain in a MWNT/UHMWPE 
composite 
 
Region % ε Shift Interpretation 
1 0-1 Clear shift down Tensile loading of MWNTs elastic response 
2 1-10 Much less apparent  
or intense 
Interfacial ‘stick and slip’ yielding matrix 
3 10-15 Somewhat more 
apparent shift down 
Tensile loading of MWNTs; MWNT ‘knots’ 
preventing further PE chain stretching 
4 >15 A shift up Compressive loading of MWNTs elastic 
recovery from local matrix failure 
 
 
 Raman microspectroscopy was used by various groups for qualitative and 
quantitative studies of the interfacial bonding and the alignment of the nanotubes in the 
composites.  The interaction between the nanotubes and matrix can be monitored through 
the shifting of the Raman D* band and TM, their orientation can be determined by 
polarized Raman [149, 157-164].  Alignment of CNTs is achievable in polymeric 
matrices by means of shear or elongational flow [145, 146, 155, 165-167]. Magnetic field 
[168-171] and electric field [172] induced alignment of CNT in polymer were also 
recently demonstrated.   
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2.5.3 Carbon Nanotubes Reinforced Polymeric Fibers 
 
Microscopic Diameter CNT/Polymer Composite Fibers 
 
 Aside from CNT reinforced polymer matrix composites, another area of high 
interest is CNT/polymeric fibers.  Utilizing polymer as a carrier media to assemble the 
CNT into continuous filament allows well-controlled alignment and tailored distribution 
of the CNTs within a structure.  Tailoring the multiple outstanding properties of CNT 
with appropriate polymer matrix systems in filament or fine fiber forms enabled them to 
be integrated into textile structures for advanced composite applications.  The formation 
of CNT reinforced polymeric fibers by traditional melt spinning [9, 14] and solution 
spinning [10, 148, 173] processes have been investigated in the recent years by various 
groups around the world.  Alignment of SWNT induced by shear forces during fiber 
spinning and fiber drawing process were evidenced by polarized Raman 
microspectroscopy.  Significant enhancement in tensile modulus, yield stress, 
compressive strength and torsion modulus were observed in various composite fiber 
systems such as polyester/carbon nanofiber (CNF) [148], polypropylene/carbon nanofiber 
[10], polyimide/SWNT [173], PBO/SWNT [9], PAN/SWNT [14], and PAN/MWNT 
[145].   
 Attempts in fabricating continuous filament consisting of high concentration of 
SWNT with high degree of orientation have been explored.  Gommans et al [164] 
produced highly aligned SWNTs bundle by dispersing a low concentration of SWNT in 
DMF (~0.01mg/ml), by applying a voltage to a carbon fiber electrode that was submersed 
into the SWNT/DMF suspension, fibers and ribbons of SWNT were formed (Figure 22).   
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Figure 22.   Aligned SWNT filament apparatus used by Gommans et al. 
 
 
 
As the carbon fiber electrode was withdrawn from the suspension SWNT were attached 
to one another and assembled into ribbon of preferentially oriented SWNT.   This method 
produced filaments having diameter in the range of 2 – 10 µm depending on the time 
allowed for the SWNT cloud assembly to take place before withdrawal, and the rate of 
withdrawal.  Fibers of up to 5 cm in length have been generated by this techniques andif 
the SWNT suspension is continuously replenished then continuous fibers can be 
generated.   
 Baughman et al [174] and Vigolo et al [15] (Figure 23) spun highly oriented 
SWNT filaments and ribbons into indefinitely long fibers by dispersing the SWNT in an 
aqueous solution of sodium dodecyl sulfate (SDS).  The solution was injected through a 
syringe needle into a rotating bath of PVA solution where the nanotubes were 
recondensed to form a nanotube mesh and then collating of this mesh to fiber.  Alignment 
of SWNT in the fiber direction was contributed by shear flow.  The diameter of the fiber  
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Figure 23.   Aligned SWNT fiber spinning apparatus used by Baughman et al and Vigolo 
et al. 
 
 
can be controlled by varying the injection rate, flow conditions, and diameter of the 
capillary.  By varying these parameters fibers with diameters ranging from a few 
micrometers to 100 µm can be generated.  The produced fibers were highly flexible and 
strong in bending that a knot can be tied without breaking the fiber.  The elastic moduli of 
the fibers were about 10 times higher than that of high quality bucky paper; however, 
their tensile strengths were relatively low.  This process was later modified by Dalton et 
al [166], permitting the fabrication of continuous fibers containing 60 wt. % SWNT with 
diameter in the order of 50 µm and ~100 meters in length.  These fibers, so far, are the 
toughest as compared to all other CNT-filled fibers.  It was reported that the properties 
(elastic modulus of 80 GPa, tensile strength of 1.8 GPa and a failure strain of 30%) of 
these fibers closely match that of spider silk.  To avoid the cumbersome procedure of 
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removing the surfactant used in other dispersion processes, Ericson et al dispersed SWNT 
in concentrated 102% sulfuric acid.  In superacids, SWNTs form charge-transfer 
complexes of individual positively charged nanotubes surrounded by finite number of 
sulfuric acid anions.  Thus, forming well-aligned positively charged SWNTs intercalated 
by sulfuric acid anions.  The solution is then wet spun into a coagulation bath to form 
highly oriented SWNTs ropes.  SWNT fibers fabricated by this method had Young’s 
modulus of 120 ± 10 GPa and tensile strength of 116 ± 10 MPa [175].   
 Oriented SWNT strands can also be produced through direct synthesis.  Zhu et al 
[176] had demonstrated that SWNT strands of several centimeters in length can be 
synthesized by the catalytic pyrolysis of n-hexane with an “enhanced vertical floating 
technique”.  The fibers have elastic modulus of ~77 GPa and diameter of larger than 100 
µm.  Li et al [12] spun continuous fibers of SWNT and MWNT directly from chemical 
vapor deposition (CVD) synthesis zone of a furnace using a liquid source of carbon and 
an iron nanocatalyst.  By proper selection of reactants, control of the reaction conditions 
and continuous withdrawal of the product with a rotating spindle, the diameter, purity and 
properties of the fibers can be controlled.  A range of tensile strengths, between 0.10 to 1 
GPa, depending on the processing conditions was obtained.  
 All of the above techniques produced CNT-filled fibers with diameters in the tens 
to hundreds micrometers range.  Flexibility of fibers is highly dependent on the diameter 
of fibers.  Smaller diameter would provide a higher degree of flexibility which benefits in 
rendering the ability to be integrated into textile structures through various textile 
processing techniques.  Although there is significant improvement in mechanical 
properties of the CNT reinforced fibers but still has not yet approached the theoretical 
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prediction or properties of individual nanotube.  This discrepancy is primarily due to the 
inadequate dispersion of CNT into individual tube and higher probability of defects 
inclusion in the fibers.  
 
Nanoscopic Diameter CNT/Polymer Composite Fiber 
 The superior properties of CNTs have upsurge many interest in translating these 
properties into the utilizable macroscale level.   CNTs have been incorporated into 
polymer matrix for improvement of various properties but full translation of properties 
has not been achieved.  The common obstacle in translating the CNT properties to the 
polymer is the exfoliation, distribution and most importantly alignment of the CNTs in 
the loading direction.  It had been proven by Griffith that strength of the fiber increases as 
fiber diameter decreases [35].  This trend has been utilized in commercial carbon fibers 
and has illustrated tremendous improvement in mechanical properties.  For example, as 
previously shown in Figure 5 the strength of AS4 fiber increases from 2000 MPa to 8000 
MPa (a 400 % increase) as the fiber diameter decreases from 12 µm to 5 µm.   It is 
hypothesized that if the fiber diameter is further decreased, perhaps to the nanoscale 
levels and also if the fiber is reinforced with CNTs then the properties might increase 
further.  Due to the extreme fineness of the CNT which imposes tremendous difficulty in 
handling and processing of the material, the use of a carrier media or polymer matrix to 
assemble them into continuous fibers is necessary.  This would enable them to be 
integrated into higher order structures, thus bridging the dimensional and properties gap 
between the nanoscopic and macroscopic structures.  This concept has been illustrated by 
the co-electrospinning of various CNT/polymer nanocomposite nanofibers  [72, 75, 165, 
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177-179] with CNT loadings up to 10 wt. %  SWNT in PAN.  Composite nanofibers have 
been successfully co-electrostatically spun with diameter as low as several tens of 
nanometers to as high as several micrometers depending on the material systems, 
polymer molecular weight, spinning dope properties, and spinning conditions.  Numerous 
matrix materials including synthetic polymer, bioabsorbable polymer, intrinsically 
conductive polymer, piezoelectric polymer, etc. have been co-electrospun with various 
types of reinforcements for various applications. Reinforcements such as nanoparticles, 
magnetic particles, quantum dots, CNTs (SWNT, MWNT, and DWNT), vapor grown 
carbon nanofibers (VGNF), and graphite nanoplatelets (GNP) have been used to obtain a 
certain specific properties of composite nanofibers for various applications.   
 One of the areas of high interest in nanofibers for structural applications is PAN 
derived carbon nanofibers and SWNT reinforced carbon nanofibers.  Our previous work 
had demonstrated the feasibility of co-electrospinning nanofibers consisting of low 
content of SWNT in PAN [75, 76, 165].  Preliminary results indicated a promising role of 
SWNT in enhancing the properties of the resulting nanocomposite. The current trend in 
nanocomposite nanofibers development is to maximize the properties translation 
efficiency from the SWNT to the matrix through uniform dispersion, distribution and 
alignment of SWNT in the fiber axis.  This would be considered as the first level of 
orientation where molecular and nanotube alignment is considered.  Due to the nature of 
electrospinning, the spun fibers are arranged in a random configuration with no specific 
orientation.  Therefore, the efficiency in load transferring among fibers or within the 
structure is less.  In order to optimize the load distribution among fibers, it is essential to 
align the nanofibers parallel to each other, in the yarn direction.  The organization of 
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molecular chains, nanofiller, and nanofibers serves not only as a mean of properties 
translation factor but also helpful in designing and predicting properties of the final 
composite. 
 Electrospinning provides many unique features such as the flexibility in 
controlling the fiber diameter by proper selection of polymer molecular weight, polymer 
concentration in solution, and the electrospinning conditions (solution temperature, 
solution feed rate, and the distance between the tip of the needle to the target).    
 In conventional fiber spinning, alignment of the reinforcement (CNT) is mainly 
achieved by the flow of the polymer solution/melt and by post treatment such as 
mechanical drawing or stretching.  One of the unique features in co-electrospinning is 
alignment of the CNT is induced by the flow of the polymer solution, the presence of 
electrostatic charge, and nanometer diameter confinement.  Flow induced alignment can 
be seen as “logs in the river analogy” as shown in Figure 24 where the SWNT tends to  
 
 
  
 
Figure 24.  Flow induced "logs in the river analogy" alignment of SWNT in a nanofiber. 
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orient in the direction of flow along the fiber.  The presence of electrostatic charge further 
orients the CNT along the fiber due to the stretching of the polymer jet.  Stretching of the 
polymer jet also induces molecular orientation.  Lastly, diameter confinement is due to 
the fact that the produced fibers are in the nanometers diameter and the SWNTs are ~1 - 
2 µm in length. Normally, the SWNTs appear in bundles of relatively longer length.  
Therefore, orientation of the SWNT ropes along the fiber direction is confined by the 
diameter of the nanofiber.   
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CHAPTER 3:  MATERIALS AND METHODS 
 
 
 
 
 This research study involves multiple tasks ranging from dispersion of the SWNT, 
spinning dope preparation, electrospinning of pristine PAN nanofibers and various 
contents of SWNT in PAN, characterization by various techniques, and post treatment of 
the nanofibers.  Post treatment includes mechanical drawing and heat treatment of the 
fibers to convert the PAN matrix to carbon.  A summary of the experimental tasks are 
provided in the flow chart in Figure 25. 
 
3.1 Materials 
 
 SWNTs (produced by HiPco method) used for the study were produced at Rice 
University (provided by Dr. Peter Willis of NASA-JPL).  Polyacrylonitrile (PAN) 
homopolymer (Mw ~ 150,000 g/mol) was purchased from Scientific Polymer Product 
(SP2).  Dimethyl formamide (DMF) and polyvinylpyrrolidone (Mw ~ 10,000 g/mol) were 
purchased from Aldrich Chemical Co.   PAN copolymer from a confidential source was 
also used in the research.  Information regarding the PAN copolymer is proprietary 
therefore limited discussion will be provided.   
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Figure 25.   Flow chart showing the tasks involved in this study. 
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3.2 Purification and Drying of SWNT 
 
 The SWNTs used in this study were single-walled carbon nanotubes produced at 
Rice University via the HiPco method.  All SWNT used in preparing the spinning dopes 
was produced in HiPco experimental run HPR92 (lasting from July 19 to July 24, 2001).  
This raw material contained approximately 24% Fe catalyst by mass. The material was 
purified at Rice University by placing the raw SWNT in a convection oven held at 225° 
C for 16 hours.  During this time, a slow flow of water-saturated air was passed through 
the oven.  The material was then placed in concentrated HCl and stirred at room 
temperature for one day.  Following this, the nanotube/acid slurry was diluted with HPLC 
grade water and transferred to a Buchner funnel assembly.  A peristaltic pump supplied a 
slow drip of water to the slurry which was washed for three days, at which time the 
effluent from the nanotube cake was measured to have pH 7.0.  The material was then 
transferred in wet paste form into sealed bottles for later electrospinning studies. 
Drying of the purified SWNT was performed by placing the wet paste of SWNT 
in an open glass vial.  The vial containing the wet SWNT was placed in a VWR-1350f 
oven and heated at 130º C for two hours.  The SWNT aggregates were immediately 
ground into fine powder using a glass rod.  An 88 % reduction in weight of the SWNT 
was observed after drying.  The powder was stored in the glass vial for further usages. 
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3.3 Pristine PAN Spinning Dope Preparation  
 
3.3.1 Homopolymer PAN 
 
In order to establish a relationship between polymer concentration and fiber 
diameter, pristine PAN as control, was prepared in concentrations of 5, 7, 9 and 11 wt. % 
in DMF (Table 4).  Required amount of DMF was placed in a 20 ml glass vial and then 
PAN was added to it.  The mixture was constantly stirred (Corning Hot Plate Stirrer PC-
351) at 90˚ C for 2 - 3 hours.  Table 4 provides the actual amount of each component in 
the spinning dopes.   
 
Table 4.  Composition of pristine PAN (homopolymer) solution mixtures  
based on 10 grams solution. 
 
PAN Concentration 
(wt. %) 
PAN wt. 
(gram) 
DMF wt. 
(grams) 
5 0.5 9.5 
7 0.7 9.3 
9 0.9 9.1 
11 1.1 8.9 
 
 
Electrospinning of Random Fiber Mats 
 The solution mixture was transferred to a glass pipette with 0.9 mm inner 
diameter.  A copper wire electrode which was connected to the positive terminal of the 
power supply was inserted into the glass pipette containing the PAN/DMF solution.  The 
pipette was mounted so that it made a 45° angle to the vertical axis of the electrospinning 
station as shown in Figure 26.  The apparatus showed in Figure 26 is for electrospinning  
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Figure 26.   Schematic setup of the electrospinning process for producing random 
nanofiber mat. 
 
 
 
of random nanofiber mat.  Electrospinning was conducted at 17 kV potential and a 20 cm 
distance, x, between the tip of the glass pipette and the collection plate.  The collection 
plate consisted of a 12 cm x 12 cm copper plate covered with aluminum foil for ease of 
removal of the nanofiber mesh upon completion.  The target was grounded and the 
electrospinning was carried out by slowly increasing the voltage until a fine jet was 
formed.  Nanofiber production was done at ambient temperature and the spinning 
parameters were kept constant for all solution mixtures. 
 
3.3.2 Copolymer PAN 
  
Copolymer PAN at a concentration range of 4 – 20 wt. % in dimethyl sulfoxide 
(DMSO) were prepared according to the same protocol as described in the previous 
section.  The received PAN powder was ground to remove any large aggregates before 
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adding DMSO.  Table 5 provides the composition and spinning parameters for the PAN 
copolymer solutions used in this study for determining the effect of concentration on 
fiber diameter.  Random fiber mats were spun from prepared solutions of 4 -20 wt. % 
PAN to generate the relationship between fiber diameter and concentration.  
Electrospinning of other fiber assembly followed the specific procedure described for 
each electrospun fiber assembly.   
 
 
Table 5.   Composition of copolymer PAN solutions and electrospinning parameters. 
 
 
Sample 
ID 
 
Conc. 
(wt. % PAN) 
 
Wt. of PAN 
(grams) 
Wt. of  
DMSO 
(grams) 
Field 
Strength 
(kV/cm) 
Spinning 
Distance 
(cm) 
 
 Voltage
(kV) 
1127-8 4 0.12 2.88 Not spinnable 
1127-7 6 0.18 2.82 Not spinnable 
1127-6 8 0.24 2.76 1.3 17 22 
1127-5 10 0.30 2.70 1.5 17 25 
1127-4 12 0.36 2.64 1.5 17 25 
1127-3 14 0.42 2.58 1.5 17 25 
1127-2 16 0.48 2.52 1.7 15 25 
1127-1 18 0.54 2.46 1.8 15 27 
1203-01 20 0.60 2.40 1.8 15 27 
  
  
 
 For the continuous self-assembled yarn, three different concentrations of 12, 14, 
and 16 wt. % PAN in DMF were prepared.  Each solution was prepared in a 20 grams 
quantity followed the same protocol as above.  The composition of each concentration is 
provided in Table 6.  Conditions for electrospinning of CYES yarns are described in 
section 3.4 of this chapter. 
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Table 6.   Composition of PAN homopolymer spinning dope for electrospinning of  
continuous self-assembled yarn.  
 
Wt. % PAN  
(wt. %) 
Weight of PAN  
(g) 
Weight of DMF  
(g) 
12 2.4 17.6 
14 2.8 17.2 
16 3.2 16.8 
 
 
3.4 Dispersion of SWNT and Spinning Dope Preparation 
 
 Through continuous development of the dispersion technique significant 
improvement in SWNT disentanglement was made throughout the duration of the 
research study.  A total of five modifications were made before reaching the optimum 
techniques.  All dispersion techniques under studied involve mechanical stirring, 
sonication, and wrapping of the SWNT with a surfactant (PVP). 
 All sonication and magnetic stirring were done on Branson 1510 sonicator (Figure 
27a) and Corning Hot Plate Stirrer PC-351 (Figure 27b).  The spinning dopes were 
prepared in 10 grams batches for all concentrations. 
 
  
Figure 27.   a) Branson 1510 sonicator; and b) Corning Hot Plate Stirrer P-351. 
 
a b
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Method I 
 In this method, the correct amount of SWNTs was added to the required amount 
of DMF in a 20 ml glass vial.  The mixture was sealed tight and sonicated for 30 minutes 
at room temperature.  The required amount of PAN was then added to the mixture and 
allowed to dissolve with stirring at ~90˚ C for one hour.   
 
Method II  
 The required volume of solvent was divided in two equal portions. SWNT was 
added to the first portion and sonicated for 8 – 12 hours at 50°C.  During this time, the 
suspension was vigorously shaken (manually) at every 2 hour interval and then stirred for 
30 minutes at 90°C.  This cycle was repeated 4 times. Required amount of PAN was 
slowly added to the second portion of the solvent and allowed to stir at 90°C for 1 hour 
until completely dissolved.  The two mixtures, SWNT/solvent and PAN/solvent were 
combined and allowed to stir for and additional 2 hours at 90˚ C. 
 
Method III 
In this method, a surfactant PVP was used to wrap the SWNT (Figure 28) to 
improve their dispersability.  The total required volume of solvent was divided into three 
equal portions:  1) SWNT in solvent; 2) PVP in solvent; and 3) PAN in solvent.  The 
required amount of SWNT was added to the first portion of the solvent and sonicated for 
8 – 12 hours in a heated bath (~ 50º C) until a uniform dispersion was obtained.  During 
the dispersion process, the vial containing the SWNT/solvent suspension was vigorously  
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Figure 28.   Wrapping of SWNT with PVP. 
 
 
 
shaken (manually) at every 2 hour interval and then stirred at 90º C for 30 minutes.  PVP 
was added to the second portion of solvent and also stirred at 90º C for 30 minutes until 
completely dissolved.  After the SWNT/solvent became uniformly mixed (8 – 12 hours), 
the PVP/solvent mixture was added and sonication was continued for three additional 
hours.  PAN powder was added to the third portion of the solvent while stirring at 90º C.  
After 1 hour, the SWNT/PVP/solvent and PAN/solvent mixtures were combined and 
stirred for two more hours before electrospinning. 
 
Method IV 
 This method is a slight modification from Method III.  Instead of dividing the 
solvent into portions, the whole volume was used in the initial dispersion of the SWNT.  
First, the SWNT was added into the DMF and allowed to stir for 3 hours at room 
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temperature.  Next, the suspension was sonicated for 1 hour.  This cycle was repeated 4 
times until no aggregate was visible and the solution appeared black, ink like (Figure 29).  
PVP was then added to the dispersion and allowed to stir at 90°C for 2 hours prior to 
adding the PAN powder.  Proper amount of PAN was weighed and incrementally 
introduced into the mixture while stirring.  The addition of PAN took over a period of 
about 30 minutes to complete.  This was done to ensure uniform dissolution of the 
polymer and to avoid formation of large clusters.  The solution was then allowed to stir at 
90°C for 2 hours, followed by overnight stirring without heat.  Just prior to spinning, the 
solution was stirred at 90°C for 30 minutes.   
 
 
 
 
Figure 29.   SWNT/DMF dispersion after the addition of PVP for Method IV. 
 
 
 
Method V 
 
 In this method excess DMF was used to increase the mobility of the SWNTs and 
thus separate them into smaller bundles before wrapping with PVP.  Three times the 
required amount of solvent was used for this method (1mg of SWNT per 15 ml of DMF).  
Required amount of SWNT was added to the solvent and allowed to stir at room 
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temperature for 24 hours followed by sonication for 4 – 5 hours.  Upon completion, the 
surfactant (PVP) was added and the mixture was stirred for 2 hours at 90°C.  The mixture 
was then poured into a 6” diameter glass dish.  It was allowed to dry in the oven 
overnight at ~60°C to form a thin film.  The film was stored in a glass container for 
subsequent experiments.   
 The spinning dope was prepared by adding the required amount of SWNT/PAN 
film to DMF at 90°C for 2 hours with constant stirring.  The solution concentration that 
provided the best spinnability was 10 - 11 wt % solid in DMF.  An 11 wt. % 
concentration was used since it produced the best fiber morphology with no bead and 
diameter within several hundred nanometers. 
 
3.4.1 SWNT-Loaded PAN Copolymer Spinning Dope Preparation 
 
 In order to study the feasibility of producing composite nanofibrils containing 
high loading of SWNT, spinning dopes containing 1 wt. % and 10 wt. % SWNT in PAN 
copolymer were prepared in two different solvents, DMSO and DMF.  The composition 
of the prepared spinning dopes are listed in Table 7.  The methods for dispersing of each 
spinning are provided in parentheses under the sample ID. 
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Table 7.  Composition and electrospinning parameters of 1 and 10 wt. % SWNT-loaded  
PAN in DMSO and DMF spinning dopes. 
 
Solution Concentration (wt. %) 
(Wt. of each component, gram) 
Spinning Dope 
Composition 
(wt. %) 
Sample 
ID 
PAN SWNT PVP Solv. SWNT PAN PVP 
Field 
Strength 
(kV/cm) 
Spin. 
Dist. 
(cm) 
Volt. 
(kV) 
20403A 
(M-II) 
13.9 
(0.69) 
0.14  
(0.007) 
0 86 
DMSO 
1 99 0 1.7 15 25 
20403B 
(M-II) 
13.9 
(0.69) 
0.14  
(0.007) 
0 86 
DMF 
1 99 0 1 25 25 
20503A 
(M-III) 
3.4 
(0.17) 
0.4  
(0.02) 
0.2 
(0.01) 
96 
DMSO 
10 86 4 1.5 17 25 
20503B 
(M-III) 
3.4 
(0.17) 
0.4  
(0.02) 
0.2 
(0.01) 
96 
DMF 
10 86 4 1.2 19 22 
 
 
3.5 Electrospinning of Nanofibers 
 
In the initial part of the study, all nanofibers were produced in random mat form 
using the setup shown in Figure 26.  In the later stage the electrospinning setup was 
modified so that both aligned and random fiber assemblies can be fabricated 
simultaneously. 
In traditional electrospinning process when a high voltage is applied to the 
polymer solution of appropriate viscosity, a jet of polymer is ejected from the spinneret. 
The polymer jet becomes unstable and forms a whipping action as it travel toward the 
collection plates.  During this period, the solvent evaporates and ultra-fine fibers are 
deposited on the target in a random manner.  In order to produce aligned fibers, the 
electrospinning apparatus was modified to allow formation of partially aligned self-
assembled yarn (CYES) and long aligned discrete (LAD) nanofiber yarn.  These 
processes were investigated in parallel to the random nanofiber mat assembly.  Detail 
description of each technique as follow. 
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3.5.1 Electrospinning of Self-Assembled by the Continuous Yarn Electrospinning 
 System (CYES) 
 
Self-assembled yarn (CYES) can be produced in a continuous length with 
appropriate control of the electrospinning parameters and conditions.  In this process, the 
self-assembled yarn was initiated by limiting the footprint of the deposition of fiber into a 
small area on the target, usually at a corner or edge of the collection plate.  Initiation of 
yarn formation was done by adjusting the initial distance between the target and the tip of 
the needle.  The nanofibers were allowed to accumulate until a sufficient length of yarn 
was formed (~ 4” long).  The newly spun fibers accumulated on top of the previous ones 
and started to build up on top of each other until a branched tree-like structure was 
formed.  This tree-liked structure served as a target to collect the additional fibers that 
were formed.  The target was then gradually lowered to the base of the electrospinning 
station.  It is important to maintain a constant distance between the fiber accumulation 
point and the tip of the needle to avoid yarn breaking.  A device such as a rotating drum 
can be used to spool up in a continuous length the self-assembled yarn as shown in Figure 
30.  This method produces bundles of partially aligned nanofiber yarn in a continuous 
length. 
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Figure 30.   Schematic setup of the electrospinning of self-assembled yarn. 
 
 
 
 
 Electrospinning of CYES yarn was done by filling a glass syringe attached with a 
22 gauge stainless steel needle with the homogeneously mixed solution.  The syringe 
assembly was mounted vertically in the electrospinning chamber and a positive electrode 
was connected to the needle to charge the solution.  The voltage was slowly increased to 
25 kV and the ground target was brought up to a distance of about 2 cm between the 
collection plate and the tip of the needle.  The collection plate was then turned side ways 
with the corner pointing toward the needle.  This increased the probability of collection at 
the corner of the plate allowing the fibers to accumulate and start the yarn formation 
process.  The collection plate was gradually lowered while maintaining a 2 cm distance 
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between the yarn formation point and the tip of the needle.  The collection plate was then 
rotated perpendicular to the spinning jet and placed at the base of the chamber 
(approximately 40 cm apart between the ground plate and the tip of the needle).  The self-
assembled yarn continued to form and fell on the ground plate.  When appropriate 
amount of yarn had accumulated, approximately a half a meter, the end was removed 
from the plate and transferred to a 3” diameter take-up roller.  It was also demonstrated 
that if the forming yarn was transferred to a computer controlled take up roller, the 
process could run continuously.   
 
3.5.2 Electrospinning of Long Aligned Discrete (LAD) Nanofiber Yarn 
 
LAD yarn can be produced by modifying the electrospinning process as shown in 
Figure 31.  A set of parallel electrodes were mounted parallel to the polymer jet to collect 
oriented fibers in lengths of up to 8” depending on the SWNT content.  This setup allows 
both the aligned and random fiber mat to be fabricated in the same process.   Unlike the 
traditional electrospinning process, where a high potential is applied, this process 
involves the use of a low voltage of 9 – 10 kV in order to collect aligned nanofibers on 
the parallel electrodes.  The nanofibers were periodically collected until the desired tow 
size or denier was obtained.  Fibers were collected at interval of 1 - 2 minutes and placed 
on a holder until sufficient amount of fibers were accumulated. 
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Figure 31.  Schematic setup of the electrospinning of LAD yarn assembly. 
 
 
 
3.6 Post Processing of the Nanofibers 
 
  As previously discussed, crystallographic structure is crucial in determining the 
final properties of the carbon fibers.  Therefore, post processing such as mechanical 
drawing prior to heat treatment is necessary to obtain proper molecular orientation before 
the carbonization process.   
 
3.6.1 Mechanical Drawing Process 
 
 In order to obtain molecular orientation in the electrospun fibers, mechanical 
drawing of the fiber tows prior to heat treatment was carried out on the aligned (LAD) 
pristine PAN and 1 wt. % SWNT-loaded PAN.  The produced fiber bundles were 
gathered and slightly twisted at 1 twist per centimeter.  The length of the yarn was 
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measured and recorded.  It was then mounted in an aluminum fixture for stretching as 
shown in Figure 32.  The ends of the fiber tow were secured between the upper (fixed) 
and lower (movable) clamps.  By turning the center screw (curve arrow) the upper 
clamps can be moved towards or away from the lower clamp.  Drawing of the aligned 
fiber tow was done by slowly moving the upper clamp up and away from the fixed end.  
Stretching was performed in air at ~120°C inside an oven.  For the pristine PAN fibers, 
the tows were stretched by 40 % while 1 wt. % SWNT-loaded PAN a 5 % drawing was 
applied. 
 
 
    
Figure 32.   Aluminum fixture for mechanical drawing of the aligned nanofiber bundle. 
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3.6.2 Heat Treatment Process 
 
 The heat treatment process to convert the PAN matrix to carbon consists of a 
three-stage process.  The first stage is to oxidize/stabilize the polymer to prevent 
degradation at higher temperature treatment. 
 
Oxidation/Stabilization Process 
 
 Since the PAN used in this study is a homopolymer, a general protocol for heat 
treatment was adapted from literatures [3, 17-19, 43, 180].  After drawing, the 
temperature was increased to 200°C and oxidation/stabilization was allowed to take place 
in air for 1 hour while the fibers were kept under tension to avoid molecular relaxation.  
In order to study the effect of stretching on the properties of the fiber, control aligned 
fiber tow without stretching were also stabilized under the same conditions.  The 
unstretched tows were mounted on the fixtures with no tension applied and placed in the 
oven. 
 
Carbonization and Graphitization Process 
 After oxidation/stabilization was completed, the fibers were allowed to cool 
slowly in the oven.  The yarns were removed and transferred to a graphite holder where 
the ends of the yarns were secured to the graphite fixture for subsequent higher 
temperature treatment.  The tows were kept straight and the ends were fixed to the 
graphite fixture to prevent shrinkage during carbonization (Figure 33).  The holder 
containing the fiber samples was placed in the center of a tube furnace.  Carbonization  
   
  88
 
  
 
Figure 33.   Aligned fiber tows mounted in graphite fixture for carbonization process. 
 
 
 
took place at 900°C in argon for one hour at a heating rate of 80°C/hour (<2°C/min.)  
Since rapid cooling rate can cause chains scission and degradation of the fibers, it is 
important to set the heating rate to no higher than 1 - 2° C/min.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aligned 
fiber tows
   
  89
 
  
CHAPTER 4:  CHARACTERIZATION 
 
 
 
Characterization of the pristine PAN and SWNT-loaded PAN nanofibers were 
carried out by various techniques.  The surface morphology and fiber diameter 
measurements were examined under a field Emission Scanning Environmental 
Microscope (ESEM).  Raman microspectroscopy was used to verify the inclusion of 
SWNT in the filaments and nanofibers.  Further confirmation of the incorporation of 
SWNT and their local orientation in the nanofibers were performed on a High Resolution 
Transmission Electron Microscope (HRTEM).  HRTEM was used to study the 
microstructure of the heat treated samples and to examine the failure mechanism of the 
nanofibers.  Mechanical properties of the fibers were evaluated using a micro-tensile 
tester.  The nanofibers were tested in both random fiber mat and aligned fiber bundle.  A 
brief description of each characterization method is given in the subsequent sections.   
 
4.1 Scanning Electron Microscopy (SEM) 
 
All scanning electron microscopes work basically in the same fashion. The SEM 
consists of a gun section, column section and a chamber section.  The gun section is 
under a vacuum that ranges from 1 x 10-6 torr to 1 x 10-12 torr.  The column can be under 
the full vacuum of the gun section or under a partial pressure situation as in the 
environmental SEM, but some lower pressure is associated with the column. Chamber 
pressures can vary from the highest vacuum levels to being at a pressure of virtually 
atmosphere.  
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 There are three types of electron guns: Tungsten, LaB6 and field emission, all of 
which produce electrons for the imaging of the specimen, but have different 
characteristics and lifetimes along with different imaging capabilities.  Among the three, 
field emission gun produces the highest brightness as compared to the tungsten and LaB6 
guns.  The gun emits a large amount of electrons that are gathered in the gun chamber 
and passed into the column where they are focused into a tight beam, on the order of 1 
nanometer. These electrons then impinge on the surface of the sample where several 
things occur simultaneously.  Electrons from the beam enter the sample and bounce back 
or work their way back to the surface and get collected and sent to the monitor, these are 
called primary or backscattered electrons, and they usually carry information about the 
sample such as atomic number contrast.  Another electron signal that occurs is the 
secondary electrons, the most frequently collected.  Secondary electrons give us the 
sample surface picture that we are accustomed to seeing.  Secondary electrons come from 
in-elastic scattering inside the sample with the samples own electrons.  This scattering 
causes the samples electrons to be liberated into the chamber where they are withdrawn 
into the secondary electron detector.  These electrons are then sent to the monitor where 
they are placed back in order to view.  An important note must be mentioned here, under 
normal working conditions, the microscope is scanning the electron beam in a square 
pattern on the sample.  In only special circumstances is the electron beam stationary on 
the sample. With this scanning of the sample with the beam, there must be 
synchronization between the beam and the monitor, thus giving us a true image of the 
sample. 
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 X-ray signals are also generated during imaging of any sample in the electron 
microscope, these x-rays are from the in-elastic scattering collisions that generate the 
image.  These x-rays are characteristic of the element from which they came and can be 
analyzed as to their wavelength or their energy. 
 
4.1.1 SEM Sample Preparation and Observation 
 
Phillips XL-30 field emission environmental microscope (ESEM) (Figure 34) was 
used to analyze the surface morphology and measure the diameters of the fibers.  
Observations were carried out at a 15 kV accelerating voltage, a spot size of 3, and a 12 
mm working distance.  These settings are recommended for examining polymeric 
 
 
Figure 34.   Phillips XL-30 field emission environmental microscope (FESEM). 
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materials since higher energy or larger spot can burn the sample.  For the electrospun 
random nanofiber mat, a 1 cm x 1 cm specimen was removed and mounted flat on a 0.5” 
diameter aluminum holder using a carbon conductive tape (NEM Tape, Nissin EM Co. 
Ltd.) as shown in Figure 35a.  For the aligned nanofiber assembly, a 1 cm length was 
removed from the fiber tow and mounted in the same fashion as the random fiber  
 
 
Figure 35.  SEM sample mounting.  a) random nanofiber; b) aligned nanofibers. 
 
 
 
 
specimen (Figure 35b).  A Denton Vacuum Desk II sputtering machine (Figure 36) was 
used to deposit a thin coating of gold on the sample surface.  The samples were sputtered 
for 60 seconds at 40 amps.  The gold sputtered samples were then examined by the 
ESEM.  Micrographs of the fiber specimen were taken at various magnifications and 
locations along the specimen length.  Ten readings of the diameter were taken at each 
location and 40 readings were recorded from each specimen.   
 
 
b a 
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Figure 36.   Denton Vacuum Desk II gold sputtering machine. 
 
 
4.2 Raman Microspectroscopy 
 
 Raman spectroscopy is a complementary technique for the study of molecular 
vibrations and structures of materials. By combining spectroscopy with microscopy, 
molecular information can be obtained with great spatial resolution at the microscopic 
level.  Sample of microscopic size can be analyzed directly, in air, at ambient temperature 
and pressure, wet or dry and in many cases without destroying the sample.  In Raman 
spectroscopy, the sample is radiated with monochromatic visible of near infrared light 
from a laser.  This brings the vibrational and rotational energy levels in the molecule to a 
short-lived, high energy collision state, which returns to a lower energy state by emission 
of a photon.  Normally, the photon has a lower frequency than the laser light, and the 
difference in frequency between the frequency of the laser and that of the scattered 
photon is called the Raman shift [181, 182].  Raman spectra usually contain many sharp 
Sample 
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bands that are characteristic of the specific molecules in the sample.  Because of this, 
Raman microscopy is a good tool for qualitative analysis and discrimination among 
similar materials, for example, different forms of carbon materials such as CNT.  
Quantitative analysis is also possible since the intensity of a Raman spectrum is 
proportional to concentration [182, 183].   
 
4.2.1 Verification of the Presence of SWNT in the Electrospun Nanofibers 
 In this study, a Renishaw 1000 Raman microspectrometer (Figure 37) equipped 
with Grams32 software (Galactic, Inc.) was used to analyze the electrospun nanofibers.  
The incorporation of SWNT in the electrospun nanofibers were verified by Raman 
microspectroscopy.  The instrument was calibrated using a silicon sample to obtain a  
 
 
Figure 37.  Renishaw 1000 Raman microspectrometer. 
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sharp peak center at 520 cm-1.  Depending on the type of sample examine excitation 
wavelength of 514.5 nm (argon ion laser) or 780 nm (diode laser) was selected.  A small 
amount of the nanofibers was removed from the fiber web or tow using a pair of tweezers 
and laid flat on a clean glass slide.  The fiber sample was brought in focus before 
scanning took place.  The incorporation of SWNT can be identified by the characteristic 
peaks in the tangential (TM) and radial breathing modes (RBM), typically in the range of 
1500 cm-1 – 1600 cm-1 and ~165 cm-1 - 275 cm-1, respectively.  The diameter of the 
SWNT can be approximated from the RBM peaks since the frequency is related to the 
SWNT diameter through Equation 1.1 [118]: 
 
    
d
nmcm
R
)(224~
1 ⋅−ω      (11) 
 
 
 
where ωR is the RBM frequency and d is the diameter of the SWNT in nanometer.  
Reference Raman spectra [183] for SWNT produced by HipCO at various excitation 
energy are shown in Figure 38.   
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Figure 38.  Raman spectra of SWNT at various excitation wavelengths.  
 
 
 
4.2.2 Verification of SWNT Alignment in the Fiber Axis by Polarized Raman 
 Microspectroscopy 
 
 Raman scattering has been a good technique to study SWNT, such as identifying 
the type of SWNT, the diameter of the SWNT through the frequency of the RBM, the 
presence of SWNT in composite, and lately the orientation SWNT and mechanical 
response.  Many studies on the alignment of SWNT using polarized Raman reported a 
strong dependency of the intensity of the Raman signal in all modes of the SWNT spectra 
[149, 157, 160-164, 184].  It has been demonstrated that all the modes exhibit maximum 
intensities when the incident light is polarized parallel to the nanotube axis, and is 
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strongly suppressed when the light (incident or scatter) is polarized perpendicular to the 
nanotube axis.  These polarization effects are due to the resonant nature of the Raman 
scattering process in SWNT [185].  The orientation of the nanotube can be quantitatively 
determined by the mathematical models provided in the above given references.   
 A simple polarized Raman experiment was performed on the 1 wt. % SWNT 
aligned fibers (Renishaw UV Raman Microspectrometer) to confirm the alignment of 
SWNT in the fiber axis.  The aligned fiber tows were laid flat on a cleaned glass slide and 
then fixed on the rotating stage.  This rotating stage was mounted on the microscope 
stage to allow rotation of the fibers relative to the incident light.  The sample was first 
aligned parallel to the incident light and analysis was taken at 0°.  Analysis was 
performed by incrementally varying the angle from 0° to 90° by 15° increment.  The 
analysis was carried out using a 514.5 nm (Ar ion laser) excitation wavelength operating 
at 10% power.  The data was collected at 50 second intervals and 20 accumulations.   
 
4.3 High Resolution Transmission Electron Microscopy (HRTEM) 
 
To further confirm the presence of SWNTs and their orientation in the fiber, 
HRTEM (JEOL JEM-2010F Field Emission Microscope, Figure 39a) was performed on 
the electrospun nanofibers.  Observations were carried out at an accelerating voltage of 
100 kV for most samples to avoid damaging the fibers. 
 
 
 
   
  98
 
  
4.3.1 HRTEM Sample Preparation  
 
The nanofiber samples were prepared by peeling a small thin layer of fibers from 
the electrospun mat and placed in a 2” ID mortar.  A few drops of isopropyl alcohol were 
added and the fiber mesh was then crushed into smaller pieces using a pair of very fine 
tweezers.  The loose fibers were fished out from the alcohol by inserting a TEM copper 
grid (Figure 39b) into the suspension and slowly stirred in order to catch an adequate 
amount of fibers.  The grid containing the fibers sample was allowed to dry at room 
temperature overnight.   
 
 
Figure 39.   (a)  HRTEM (Joel JEM-2010F Field Emission Microscope); and (b) copper 
grid containing nanofibers for HRTEM observation. 
 
 
 
4.4 Mechanical Testing of the Fiber Samples 
 
Mechanical properties of the nanofiber webs and aligned nanofiber yarns were 
evaluated using a micro-tensile tester (Kawabata KES-G1E1) as shown in Figure 40.  A 
30 mm gauge length was used for the nanofibers web and aligned nanofibers assemblies.   
a b 
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Figure 40.   Microtensile tester (Kawabata KES-G1E1). 
 
 
The filament samples were mounted on thick paper frames using cyanoacrylate 
glue (QuickTite super glue gel, LocTite) to fix the ends of the filament to the paper end 
tabs as illustrated in (Figure 41a).  For the random nanofiber web, the sample had 
dimensions of 5 mm x 40 mm.  The weight of each sample was recorded and used in the 
tensile properties calculations.  Double-sided stick tape was used to secure the ends of the 
strips to the end tabs as shown in Figure 41b.   
The aligned nanofiber bundles were slightly twisted to gain a certain degree of 
integrity within the yarn.  Approximately one twist per centimeter was applied.  The yarn 
bundles were trimmed to 40 mm by removing the excess length at the ends where non 
uniformity is likely to occur from electrospinning.  Mounting of the yarn was done by 
applying a small drop of the cyanoacrylate adhesive close to the outer edges of the end 
tabs.  To prevent stress concentration imposed by the grips during testing, a small drop of 
silicon rubber was applied on the inner edges of the end tabs as indicated in Figure 41b.    
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   (a)           (b) 
 
Figure 41.   Tensile specimen dimensions:  (a) random nanofiber strip; and (b) aligned 
nanofiber bundle. 
 
 
The fiber tow was then carefully placed on the frame and more adhesive and 
silicone rubber was added on top.  A small piece of paper made from the same material as 
the frame (0.5 cm by 1cm) was placed on top and pressure was applied to encapsulate the 
ends of the specimen.  The samples were allowed to dry at room temperature for 
approximately 2 hours before testing.  Tensile testing was performed using a 1000g load 
cell and an extension rate of 0.2 mm/sec.  The mounted fiber was secured in the grips of 
the tensile tester.  Before testing, the edges of the paper frame were carefully cut with a 
pair of scissor.  Five samples were tested in each group depending on the availability of 
the materials.   
The load and displacement data of each sample was converted to stress-strain 
relation and an average curve was generated from accumulating the samples within each 
30 mm 
5 mm 
Adhesive 
Silicon 
rubber
5 mm 
LAD 
nanofiber
Double-
sided tape 
30 mm
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group.  The strain was determined by dividing the displacement by the initial gauge 
length.  The specific stress (MPa) of the random nanofibers strip was calculated from the 
Equation 12, assuming a fully dense structure.  The elastic modulus was estimated from 
the slope of the linear portion of the stress-strain curve. 
 
 
   
)/(
)/(/)/( 2mgtyArealDensi
mmNWidthForcetexNsp =σ                                   (12) 
 
where  
meters
gramstex
000,1
=  
 
and  )()/(/ 3 GPastresscmgdensitytexN ×=  
 
 
 
For the aligned fiber tow the specific stress of the yarn was estimated by first determined 
the specific yarn cross-sectional area (Asp) based on the measured linear density (denier = 
g/9000m): 
 
 ( )( )352 /109 9000/)( cmg mgDeniercmAsp ρ∗×=       (13)  
 
where the density, ρ, was taken as 1.18 g/cm3 (density of PAN).  Then the specific stress 
becomes: 
  
( )
)(
)( 2mA
NFMPa
sp
sp =σ                 (14)                             
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CHAPTER 5:  RESULTS AND DISCUSSIONS 
 
 
 
5.1 SWNT Dispersion 
 
 The dispersion process had been constantly modified throughout the research 
program to improve the disentanglement of the SWNT.  The degree of entanglement was 
qualitatively determined by optical and ESEM observations.  Continuation in the 
development of the dispersion process has led to a significant increase in the degree of 
disentanglement of the SWNT.  Due to the high van der Waals forces between tubes, 
dispersion of individual tube has not yet been achieved but the bundle size is 
considerably smaller than as compared to the early methods.  It is noticed that PVP 
significantly assists in isolating the SWNT ropes and prevent them from re-packing into 
larger bundles and also helps in incorporating them into the fibers. In addition, the 
volume of solvent used in dispersing the nanotubes is critical.   
 
Method I 
 This initial method of SWNT dispersion was extremely poor because the 
nanotubes remained aggregates and interfered with the electrospinning process.  Large 
SWNT clusters were highly visible in the solutions and phase separation between SWNT 
and polymer solution were observed over time, even during electrospinning.  Regions of 
black SWNT and clear polymer solution were seen along the length of the glass pipette.  
Shown in Figure 42 are fibers spun from 1 wt. % SWNT and 10 wt. % SWNT.  With the 
low SWNT concentration (Figure 42a), there is a certain degree of mixing between the 
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SWNT and polymer.  The electrospun fiber web contains a high volume of beads as well 
as irregular fibers or basically, clusters of SWNT bundles as illustrated in the inset of 
Figure 42a.  The beads or droplets were concentrated SWNT.  For the 10 wt. % SWNT, 
intense phase separation between SWNT and PAN resulted in a simultaneous 
electrospraying of SWNT and electrospinning of very fine fibers.  This is shown in 
Figure 42b where the background is mainly a film consisting of mostly SWNT (inset in 
Figure 42b) with very few PAN fibers forming on top. 
 
 
Figure 42.   Fibers eletrospun from spinning dopes prepared by Method I.  a) 1 wt. % 
SWNT/PAN copolymer; and b) 10 wt. % SWNT/PAN copolymer. 
 
 
Methods II and III 
 These two methods of dispersion were very similar except that PVP was added in 
Method III to wrap the SWNT.  Results from ESEM analysis indicated that the addition 
of PVP assisted in dispersing the nanotubes in the polymer.  Although, it is not 
distinguishable between the dispersions prepared with and without PVP (Figure 43) but 
noticeable difference is observed in the electrospun fibers.  Shown in Figure 44 are SEM 
5 µm
ba 
10 µm
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images of SWNT/PAN electrospun nanofiber webs.  It is observed that both fiber mats 
contain fine fibrils forming net-liked structures.  The nanofiber mats produced from the 
solution without PVP contain much more net structures than that of the one with PVP.   
 
 
 
 
Figure 43.   ESEM images of SWNT dispersions.  a) without PVP wrapping; and  b) with 
PVP wrapping. 
 
 
 
 
 
 
Figure 44.  Web-like structures formed in nanofiber mats produced from the dispersion of 
SWNT without the use of PVP in the dispersion of SWNT. 
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This can be explained through the mechanism illustrated in Figure 45.  Sonication and 
mechanical stirring break down the SWNT clusters into small ropes.  The addition of 
PVP forms a coating around each individual rope and keeps them from binding together.  
The diameters of these ropes were approximately 30 – 50 nm, as measured by ESEM.  
Such diameters were less than the diameter of the electrospun nanofiber therefore they 
can be incorporated into the fibers.  The absence of PVP caused the ropes to 
reagglomerate and form larger bundle with diameter exceeding that of the nanofiber; 
therefore, they cannot be incorporated into the fiber.  The small ropes in the bundle were 
not fully fused together, rather are adhered at various locations along the length.  During  
 
 
 
Figure 45.   Mechanism of net formation in nanofiber mat spun from spinning dope 
containing no PVP.  a) SWNT bundle consisting of smaller SWNT ropes fused together 
at locations along the length; and b) net formation by opening of bundle during 
electrospinning. 
 
 
(a) (b) 
   
  106
 
  
electrospinning, the bundles were expelled from the polymer jet under extremely high 
force and velocity that caused opening of the bundles to form net-like structure.  The 
bright spots on the net were more likely to be the residual catalyst particles from SWNT 
synthesis.  This phenomenon is observed in both PAN homopolymer and copolymer 
containing SWNT.  Therefore, it is concluded that the addition of PVP improves the 
dispersion of SWNT to a certain extent and promotes the incorporation of SWNT in the 
nanofibers. 
 
Method IV 
 
 Realizing the important role of PVP in improving the disentanglement of SWNT, 
a modified method was derived from the previous ones.  Instead of dividing the solvent 
into equal portions for dispersing SWNT, dissolving the PVP, and dissolving the PAN, 
the entire volume was used for dispersing the nanotubes to a uniform suspension and then 
the surfactant and polymer were added subsequently.  With this dispersion method, 
SWNT bundle size ranging from of 20 – 30 nm in diameter was achieved (Figure 46a). 
Significant improvement in the quality of the fibers was observed through this technique.  
SWNT nets were not observed in the electrospun nanofiber mats at all SWNT 
concentrations, an indication of complete incorporation of SWNT in the fibers.  The 
electrospun fibers were relatively uniform as shown in Figure 46b. 
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Figure 46.   a) SWNT dispersion by Method IV; and b) SWNT/PAN electrospun 
nanofibers mat showing no SWNT nets in the fiber mat. 
 
 
As the concentration of SWNT approaches 5 wt. % and higher, the dispersion 
became extremely thick in consistency like a paste and the magnetic stir bar could barely 
move during dispersion.  Mechanical stirring and sonicating were effective only in the 
initial stage when the viscosity was still low.  After sufficient break down of the SWNT 
aggregates the viscosity increased drastically.  This prohibited further break down of the 
SWNTs, resulting in large amount of aggregates in the spinning dope. 
 
Method V 
 Based on the observations from the previous four methods of dispersion, typically 
in the high SWNT loadings, it was realized that the volume of solvent involved in the 
dispersion is very critical in obtaining a good dispersion of SWNT.  In electrospinning, 
solution concentration greatly influences the spinnability, diameter and overall quality of 
the fibers.  Depending on the type of polymer, a specific solution concentration would 
produce a specific fiber diameter.  Therefore, the volume necessary for preparing the 
2 µm 
a 
5 µm 
b
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SWNT dispersion and spinning dope is confined in order to obtain proper solution 
concentration.  Usually, the required volume of solvent is insufficient for dispersing 
SWNT.  Upon addition of SWNT, the mixture turns into a thick paste.  This hinders the 
mobility and insufficient volume of solvent for the SWNTs to disentangle themselves.  It 
has been reported in literatures the excess volume of solvent was used to disperse the 
CNT in preparing spinning dope for traditional dry-jet wet spinning [14, 125].  The 
solvent was then evaporated to obtain the correct solution concentration before spinning.  
It was claimed that this technique produced a good dispersion of SWNT/DMF and the 
suspension remained stable without any agitation for several days.  This technique was 
examined in our study and the result was disappointing since the SWNT reagglomerated 
and settled at the bottom of the vial within a couple of hours after stirring was stopped.  
However, when PVP (1 wt. %) was added to the SWNT/DMF suspension the mixture 
became very stable and the SWNTs remained suspended in the solution for days without 
stirring.  Shown in Figure 47 are ESEM and HRTEM images showing the dispersion of 
SWNT prepared by the excess solvent volume and PVP wrapping method. Figure 47 (a – 
c) are ESEM images at various magnifications showing loose bundles of SWNT with 
diameters in the range of 10 – 20 nm. Figure 47d is an ESEM image of the edge of a 
SWNT/PAN film with SWNT ropes of <10 nm protruding from the surface.  Figure 47 (e 
and f) are HRTEM images of the dispersion showing, again SWNT ropes of <10 nm in 
diameter. Comparing these images to those prepared by previous methods, it is clearly  
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Figure 47.   ESEM and HRTEM images (at various magnifications) of SWNT dispersion 
prepared by Method V.  a-c) SWNT/PVP/PAN dispersion showing loose SWNT ropes of 
diameter 10 – 20 nm;  d) ESEM image of the edge of the composite film showing SWNT 
ropes <10 nm in diameter protruding from the fracture surface; and e-f) are HRTEM 
images showing a composite cluster consisting of SWNT/PAN bundles of <10 nm in 
diameter. 
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visible that entanglement is significantly less in this method.  Although, individual tube 
dispersion is not achieved, the ropes are much smaller and lesser degree of entanglement 
was obtained (Figure 47).  SWNT ropes diameters of less than 10 nm up to 20 nm were 
obtained from this dispersion process. 
 After the addition of PAN, the solution mixture remained stable for weeks 
without mechanical agitation.  Instead of evaporating some of the solvent to get to the 
correct concentration for electrospinning, the solvent was completely evaporated to form 
a dry composite film of SWNT/PAN with appropriate ratio of SWNT to PAN as shown 
in Figure 48.  This would be more convenient for preparing the final spinning dope since  
the viscosity or solution can be adjusted by adding more SWNT/PAN film or DMF.  
With the conventional method adjusting the solution viscosity, for instant, if the viscosity 
is too low, would require adding both the SWNT and the PAN powder in order to 
maintain the same ratio of SWNT to PAN.  This is quite cumbersome since the SWNT is 
 
 
Figure 48.   SWNT/PAN composite film after DMF was boiled off. 
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dispersed in DMF, therefore the amount of each component must be re-calculated.  With 
the composite film, the ratio of SWNT to PAN is fixed, adjusting solution viscosity 
would only require adding proper amount of SWNT/PAN (increase viscosity) or DMF 
(decrease viscosity) to the solution.  Another advantage is to pre-produce the composite 
films with various SWNT loadings for subsequent usages.   
 
5.2 Fiber Morphology  
 
5.2.1 Random Nanofiber Mats 
 
 
PAN Homopolymer 
 
The control pristine PAN nanofibers were spun from various concentrations to 
generate a diameter-concentration relationship.  Increase in polymer concentration 
increases the viscosity of the solution resulting in thicker fibers as shown in Figure 49 
and Table 8.  The tendency of beads and droplets formation becomes greater if the 
concentration or viscosity is too low, less than 5 wt %.  As can be seen from Figure 50a, 
5 wt. % PAN produced fibers having average diameter of 104 ± 26 nm and very few 
beads.  Beads and droplets occur primarily due to insufficient molecular entanglement 
that causes breaking down of the polymer jet.  As the PAN concentration increases, the 
degree of molecular entanglement increases, providing higher probability in chain 
entanglement hence greater chance of forming fibers.  This is illustrated in Figure 50b, as 
the PAN concentration increases to 7 wt. %, the amount of beads reduces.  However,  
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Figure 49.  The effects of concentration on fiber diameter of electrospun pristine PAN. 
 
 
 
 
 
Table 8.   Average fiber diameter of electrospun pristine PAN. 
 
PAN Concentration 
(wt. %) 
Avg. Fiber Diameter 
(nm) 
5 104 ± 26 
7 237 ± 52 
9 455 ± 114 
11 908 ± 132 
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Figure 50.   ESEM images of the morphology of pristine PAN nanofibers electrospun at 
various concentrations.  (a)  5 wt. % PAN in DMF; (b)  7 wt. % PAN in DMF; (c)  9 wt. 
% PAN in DMF; and (d)  11 wt. % PAN in DMF. 
 
 
 
significant increase in fiber diameter was seen (237 ± 52 nm).  Further increasing 
concentration to 9 wt. % (Figure 50c) resulted in formation of less beads, indicating 
adequate chains entanglement.  The average diameter of the fiber was 455 ± 114 nm, a 
400% increased in diameter as the concentration of PAN was increased from 5 wt. % to 9 
wt. %.  As the concentration was further increased the degree of molecular entanglement 
increased and eventually the beads completely disappeared.  The fibers became more 
uniformly round, smooth, and thicker, approaching micrometer in diameter.   For 11 wt. 
% PAN in DMF (Figure 50d), the average fiber diameter was 908 ± 132 nm.  At 
5 µm 
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concentration higher than 11 wt. %, chain entanglement became so high that fiber 
diameter in the order of a couple micrometers was produced.   
 If the concentration is too high, the produced fibers have relative rough surface 
texture (Figure 51) due to the extremely high viscosity and the solution experiences a 
shear drag as it exits the orifice.  The resulting fibers possess a surface texture similar to 
the “scaling effect” seen in extrusion and pultrusion of filaments and rods.  If the 
viscosity of the same concentration is reduced, fiber of smaller diameter can be made 
with smooth surface as well.  This was experimented by slightly warming up the solution 
to reduce viscosity, allowing higher molecular mobility and lowering the chains 
entanglement.   
 
 
Figure 51.   Surface morphology of PAN fiber produced from 14 wt. % PAN in DMF.  
Fibers spun at ambient temperature. 
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SWNT-Loaded PAN Homopolymer 
 
The SWNT dispersion and spinning dopes for this experiment were prepared by 
Method III as described previously (section 3.4).  The incorporation of SWNT drastically 
increases the viscosity of the solution therefore the concentration of the solution must be 
adjusted accordingly in order to accommodate for the increase in viscosity.  The presence 
of SWNT also changes the properties of the solution mixture resulting in a narrower 
processing window for electrospinning of SWNT/PAN composite nanofibers.    Shown in 
Figure 52 are optical and corresponding ESEM images of the electrospun nanofiber mats 
at various concentrations ranging from 0% to 10 wt. % SWNT.  The uniformly grey scale 
in Figures 52 provides an early indication of the incorporation of SWNT in the 
electrospun nanofiber mats.  Regardless of the SWNT loading, strong dependency of 
fiber diameter on concentration of SWNT/PAN in solution (Figure 53) was observed.  
Significant decrease in fiber diameter was observed primarily through the reduction of 
PAN content in DMF.  By varying the solid concentration in the solution, fiber diameters 
ranging from 40 to 400 nm can be obtained.  These preliminary results indicate that for a 
given SWNT content in the fiber blend, by changing the concentration of SWNT/PAN in 
the solution, the diameter and quality of the fibers can be controlled.  Other parameters 
such as the applied voltage, the distance between the capillary tip and the target, solution 
temperature, and spinning environment (temperature, air circulation and humidity) are 
factors that affect the quality of the fibers as well.   
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Fiber diameter decreases as PAN concentration in solution decreases 
µ m 2 2 µ m 2 µ m 2 µm 5µm µm 2 µm
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     0 wt. % 1 wt. % 3 wt. % 5 wt. % 7 wt. % 10 wt. % 
SWNT content with respect to PAN  
 (12 wt. %) (11 wt. %) (7 wt. %) (5 wt. %) (4 wt. %) (4 wt. %) 
(PAN and SWNT concentration in solution)
 
 
Figure 52.  Optical (upper row) and corresponding ESEM (lower row) images of 
electrospun nanofibers mats at various SWNT loadings in PAN, and SWNT/PAN 
concentration in solution. 
 
 
 
 
   
 
Figure 53.   The effect of polymer concentration on average fiber diameter.  SWNT 
contents in wt. % (with respect to PAN) are shown by numbers in the figure. 
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Copolymer PAN  
Similar effect of concentration on fiber diameter was observed in copolymer PAN 
(Figures 54).  At low concentrations, 4 and 6 wt. %, the solutions were not spinnable due 
to low solution viscosity.  Fiber formation starts at 8 wt. % PAN with high volume of 
beads.  With further increase in polymer concentration to 10 wt. %, the amount of beads 
decreased and became minimal at 12 wt. %.  At 14 wt. % PAN, uniform fibers were 
produced and were almost beads free.  Uniform fibers were obtained at 12 and 14 wt. % 
PAN with fiber diameters in the range of 200 nm - 400 nm.  The relationship between 
polymer concentration and fiber diameter (Figure 54) as well as the morphology of the 
fibers were established and illustrated in Figures 54 and 55.    
Polymer concentrations of 4 – 18 wt. % PAN were electrospun at ambient 
temperature.  It was difficult to electrospin more than 18 wt. % PAN due to high 
viscosity.  Application of heat (approx. 50º C) to the tip of the pipette helped reducing the 
viscosity and controlling the chamber temperature enabling 20 wt. % PAN (red data point 
in Figure 54) to be spun with diameter comparable to that of the 10 wt. % PAN spun at 
room temperature.  While the 10 wt. % PAN spun at room temperature has high 
concentration of beads, the 20 wt. % PAN spun at 50º C was free of beads. Low 
concentration provides insufficient molecular entanglement thereby producing more 
beads.  As concentration increases, molecular entanglement also increases, resulting in 
larger fibers.  By increasing the solution temperature, smaller fibers were produced due to 
decrease in solution viscosity as a result of higher molecular mobility.  This indicates that 
electrospinning of small diameter fibers at high polymer concentration is possible under 
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Figure 54.   Fiber diameter as a function of PAN (copolymer) concentration in DMF.  
Red data point indicates spinning was carried out at elevated temperature.  The scale bar 
is same for all images. 
 
 
controlled environment.  If the concentrations in Figure 54 are to be spun at elevated 
temperature, the diameter-concentration curve is expected to shift significantly 
downward.   
The average fiber diameter of 20 wt. % PAN is approximately 200 nm with a 
narrower diameter distribution as shown in Figures 54 and 55(e and f).  While the 10 wt. 
% spun at room temperature has diameter about 300 nm high beads concentration.  
Comparing to the 18 wt. % spun at room temperature, the fibers spun from 20 wt. % at 
50°C is 4.5 times smaller.  These effects show the significance of solution viscosity in 
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dictating the fiber diameter through the mobility and conformation of the polymer chains 
as explained by Berry’s Number.   
 
 
Figure 55.  Nanofibers of PAN copolymer spun at various concentration.  a) 18 wt. %; 
b) 16 wt. %; c) 14 wt. %; d) 12 wt. %; e) 10 wt. %; and f) 20 wt. % spun at 50°C 
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Further study of the effect of temperature on electrospinning is crucial in future 
improvement of the quality and productivity of the electrospinning process.  High 
concentration spinning is more preferable since high yielding of fibers can be achieved.  
An imposed problem with elevated temperature spinning is the application of heat 
accelerates the evaporation of solvent too rapidly that a shell is formed around the droplet 
suspended at the capillary tip.  This increases the surface tension of the droplet 
significantly and the electrostatic force could not be overcome; resulting in frequent 
solidification of the droplet and arrested the entire spinning process.  Such problem might 
be resolved by controlling of the humidity inside the electrospinning chamber and 
regulating the solution flow rate through the use of a syringe pump.   
 
 
SWNT-Loaded PAN Copolymer 
 
Nanofibers from 1 wt. % SWNT/PAN and 10 wt. % SWNT/PAN were 
electrospun to obtain 12.5 cm x 12.5 cm random mat form.  The resulting fabrics are 
shown in Figure 56 with the uniformly grey appearance indicating a good distribution of 
SWNT in the electrospun fiber mesh.  As the content of SWNT increased to 10 wt. % 
SWNT the fiber mat became darker (Figure 56c) as compared to the lower SWNT 
content (1 wt. %, Figure 56b).  However, whether the SWNT were incorporated in the 
fibers or residing on the surfaces of the fibers required further verification using Raman 
microspectroscopy and TEM.   
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Figure 56.   Electrospun nanofibers mat from pristine PAN and SWNT/PAN.      
a) Unreinforced PAN; b) 1 wt. % SWNT/PAN; and c) 10 wt. % SWNT/PAN. 
 
 
 
 
 
 
  
Figure 57.   Electrospun 1 wt. % SWNT/PAN copolymer.  a) and b) are in DMSO; c) and 
d) are in DMF.  
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 The morphologies of the electrospun 1 wt. % SWNT/PAN (16 wt. % solid 
concentration) in DMSO (Figure 57 a and b) and DMF (Figure 57 c and d) systems are 
shown in Figure 57.  Both of the solvents produced fibers of similar diameters with 
average values of 168 ± 63 nm for DMSO and 180 ± 55 nm for DMF.  In both cases, it 
appears that SWNT bundles formed outside of the fibers (fine fibrils with branches or net 
like structures) as illustrated in Figures 57 and 58 for 1 wt % and 10 wt. % SWNT, 
respectively.  As previously explained, different materials with different density interact 
differently with the electrons generated by the ESEM which gives rise to different in 
contrast in the image.  The shiny appearance at the ends of the bundles could be residual 
catalyst materials from SWNT synthesis.  Since PVP was not used in the 1 wt. % 
SWNT/PAN, this could be responsible for the higher quantity of SWNT bundles forming 
on the surface (web structures) of the nanofibers.  The addition of PVP in the 10 wt. % 
SWNT during the dispersion process resulted in less web structures forming on the 
surface of the nanofibers.  Thus, indicating that PVP plays an important role in 
homogeneously mixing SWNT in the PAN solution.  The difference in fiber diameter 
between the two SWNT concentrations, 1 wt. % and 10 wt. % is not significant.  Fiber 
diameters ranging from 40 nm up to 300 nm were obtained in both cases.  The average 
diameters were 132 ± 29 nm for the 10 wt. % SWNT/PAN/PVP/DMSO and 140 ± 72 nm 
for 10 wt. % SWNT/PAN/PVP/DMF systems, respectively.  
It is seen that DMSO and DMF produced similar fiber diameter.  The spinnability 
of the fibers was greatly affected by the type of solvent used in preparing the spinning 
dope.  For the same spinning dope concentration of SWNT and polymer, preparation  
 
   
  123
 
  
 
Figure 58.   Electrospun 10 wt. % SWNT/PAN copolymer.  a) and b) are in DMSO;  c) 
and d) are aligned fibers formed during spinning;  e) and f) are in DMF. 
 
 
 
procedure and electrospinning parameters, DMF solution formed stable jet and spun 
uniformly while DMSO produced discontinuous polymer jets.  Furthermore, DMSO has 
a slower evaporation rate, therefore fusing of fibers occurs as they landed on each other 
while still wet. The formed fibers were not as uniform and there was a tendency for yarn 
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formation.  Yarn bundles were found formed perpendicular to the target or between the 
edges of the collecting plate and the base of the electrospinning station.  These yarns 
were collected and viewed under the ESEM.  The second row in Figure 58 (c and d) is 
ESEM images of the nanofibers yarn, showing a high degree of fiber alignment along the 
longitudinal direction.  A large amount of beads are found attaching to the fibers that 
maybe caused by insufficient time for the solvent to evaporate.  Once a yarn is formed on 
the target, it grows toward the tip of the pipette.  As the yarn approached the pipette tip 
the spinning distance reduced, allowing less time for the solvent to evaporate.  The fibers 
came into contact with each other while still wet. This phenomenon in combination with 
the twisting motion of the yarn led to non-uniformity in fiber thickness and bead 
formation.  The fiber sticking issue can be addressed by having a take-up device that 
continuously wind up the yarn at a proper speed therefore keeping the spinning distance 
or fibers formation point constant.  These initial results show the possibility of forming 
highly oriented fibrils yarn by proper setup of the electrospinning system.   Based on this 
observation the electrospinning process was modified to produce continuous self-
assembled yarn.   
 
 
5.2.2 Continuous Self-Assembled Yarns (Copolymer PAN) 
 
PAN Copolymer 
 
 Copolymer PAN was used in this continuous self-assembled yarn experiment.  
Three different concentrations were experimented and it was found that spinning dope 
with concentration less than 16 wt. % PAN could not form continuous self-assembled 
yarn due to low viscosity.  If the viscosity is too low the solution tends to drip and the 
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stability region (jet length) is reduced.  This allows multiple jets to form around the 
droplet hence forming a wide spray of polymer solution.  In order to form yarn, the 
spinning dope viscosity must be sufficient enough to allow adequate molecular 
entanglement and thus fiber formation.  Secondly, the diameter of the instability jet must 
be small enough to assemble the fibers into a yarn.  The mechanism of yarn formation 
can be seen as the initial building up of fibers in a concave cone-liked envelop on the 
edge or corner of the ground plate.  As a sufficient length was generated, the formed yarn 
took shape of a hollow tube of fibers as shown in Figure 59.  The presence of the  
 
 
  
Figure 59. Schematic of the generation of selft-assembled yarn (left). Digital 
photograph showing the formation of pristine PAN yarn (right). 
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electrostatic charge keeps the formed yarn suspended vertically in constant twisting 
motion. The twisting motion spontaneously collapses the tube and consolidates it to a 
yarn bundle as gravity is pulling it downward.  It is important that the diameter of this 
tube must be kept close to that of the diameter of the instability jet in order for the 
incoming fibers to build on.  In addition, the distance between the yarn formation point 
and the tip of the pipette must be constantly kept at ~2 cm to avoid falling of the yarn to 
the target base.  Since the distance between the yarn and the tip of the pipette was 
extremely small there was not sufficient time for the solvent to fully evaporate.  As a 
result the fibers were fused together and also large amount of beads were formed along 
the fibers.  The presence of high bead concentration perhaps, also causes by the short 
spinning distance that does not allow sufficient stretching of the jet.  The level of fibers 
sticking is dependent on the ballooning mechanism that helps separate the fibers long 
enough for the solvent to evaporate.  If the balloon collapses (occurs very frequently) 
quickly the fibers are highly fused together, forming a rigid rod.   
 Based on these observations, it is realized that the quality of the fibers can be 
improved by varying the viscosity of the solution and the electrospinning parameters to 
eliminate beads and prevent fibers fusing.  The stable jet length should be increased to 
solve this early developmental stage challenges.  Polymer concentration has a significant 
effect on yarn formation, the 12 wt. % and 14 wt. % PAN possesses considerably low 
viscosity and therefore yarn could not be formed.  The 16 wt. % PAN spinning dope 
formed yarn with average fiber diameter of 507 ± 104 nm. Occasionally, the tip of the 
needle clogged and disruption of the jet occurred that caused discontinuity of the yarn.  
Shown in Figure 60 are ESEM images of electrospun continuous yarn from pristine PAN.   
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Figure 60.   ESEM images of pristine PAN continuous yarn at various magnifications. 
 
 
It can be seen that the fibers are not only highly fused together but relatively random at 
various locations along the bundle length.  Although, at some locations, especially along 
the edge of the bundle, the fibers were aligned parallel to the yarn direction as shown in 
Figure 60d.  The linear density of the yarn was determined to be approximately 215 
denier (1 denier = g/9000m) based on the measured weight and length of the fiber tow.    
 
1 wt. % SWNT-Loaded PAN Copolymer 
The 1 wt. % SWNT/PAN continuous yarn (Figure 61) behaved similar to that of 
the pristine PAN except that diameter of the formed fiber tube was smaller and less dense 
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as compared to that of the pristine PAN.  The initiation of the yarn followed the same 
concept as in the pristine PAN but with more challenging.   The spinning was less stable 
and the yarn tended to collapse when irregularity occurred in the jet that happened more 
frequently in the presence of the SWNT.  Since the addition of SWNT changes the 
properties and conductivity of the solution, it is anticipated that the processing window  
 
 
  
Figure 61. Formation of 1 wt. % SWNT-loaded PAN self-assembled yarn by the 
continuous yarn electrospinning system. 
 
 
 
for electrospinning becomes narrower as observed in the spinning of random fiber mat.  
The effect was more pronounce in the spinning of self-assembled yarn due to the 
extremely small spinning distance.  Likewise, fibers fusion and high bead content also 
occurred in the SWNT/PAN yarn.  However, the fibers appeared to be more aligned and 
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loosely packed than the pristine PAN (Figure 62).  As can be seen in Figure 62b, the 
amount of beads is the same as in pristine PAN.  High beads content and fusing of fibers 
were observed at various locations along the length of the yarn.  Figure 62(c-d) shows a 
region of highly oriented fibers along the edge of the fiber bundle.  The average diameter 
of the nanofiber was 494 ± 176 nm.  A relatively large distribution in fiber diameter is 
seen in both pristine PAN and SWNT/PAN.  The continuous yarns were fragile, 
especially the SWNT/PAN yarns.  The yarn was extremely rigid and brittle at locations 
where the fibers were fused together.  Breakage occurred frequently during rewinding of 
the yarn for storage.   
 
 
   
Figure 62.   ESEM images of 1 wt. % SWNT loaded PAN continuous yarn at various 
magnifications. 
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5.2.3 Aligned Nanofibers (LAD) 
 
PAN Homopolymer  
 It was determined from the electrospinning random fiber mats that with the PAN 
homopolymer 11 wt. % is the ideal concentration for spinning uniform fibers without 
beads.  For the SWNT-loaded PAN, a concentration of 11 wt. % solid (1 wt. % SWNT 
relative to PAN) in DMF was employed for the fabrication of aligned nanofibers.  Based 
on the tensile properties (will be discussed in a later section) of the electrospun random 
fiber mats with various SWNT loadings, 1 wt. % SWNT shows the better improvement in 
tensile properties, therefore this concentration was selected for the aligned fibers study.  
For the spinning of aligned nanofibers of homopolymer PAN, a syringe pump was not 
used.  Therefore, pipette containing the polymer solution were mounted 45° relative to 
the vertical axis as shown in Figure 63, as opposed to horizontal when a syringe pump is 
used.  
 The aligned nanofiber yarns were produced in 10 cm length for both pristine PAN 
(Figure 64) and 1 wt. % SWNT-loaded PAN (Figure 64b).  The pristine PAN nanofibers 
appear to have a higher degree of alignment than the SWNT/PAN, especially in the 
vicinity near the electrodes.   This could possibly due to the conductivity of the SWNT 
that causes higher affinity for the fibers to deposit on or near the electrodes thus, 
generating high degree of non uniformity towards the ends of the tow as illustrated in the 
schematic shows in Figure 65.  Unlike the random fibers spinning which uses high 
voltage, the applied voltage for spinning of aligned fiber was significantly lower, and the 
variation limit between catching or passing through the parallel electrodes is ±1 kV.  For  
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Figure 63.  Schematic of the simultaneous electrospinning of LAD nanofibers and 
random mat. 
 
 
 
 
Figure 64.   Optical images of  LAD fiber tows.  a)  pristine PAN;  b)  1 wt. % SWNT-
loaded PAN. 
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Figure 65.   Schematic showing the LAD fiber collection with higher degree of fibers 
misalignment toward the electrodes. 
 
 
example, formation of aligned fibers between the electrodes occurred at 9 kV, if the 
voltage is increased to greater than 10 kV then the fibers will pass right through the 
electrodes.  On the other hand, if the voltage is lower than 9 kV then the fibers will 
deposit on the random fiber collection plate in front of the polymer jet.  The mechanism 
of aligned fiber deposition can be explained as:  the potential difference between the 
primary target (random fiber collection plate) and the orifice generates an electrostatic 
force that pulls the fibers toward the primary target, if a secondary target (aligned fibers 
collector) is mounted adjacent to the path then some of the fibers will deposit on the 
secondary collector.  Therefore, the electrostatic force must be balance between the two 
targets in order to collect aligned fibers on the secondary collector.  However, without a 
primary target, 9 kV voltage would not be sufficient to overcome the surface tension of 
the polymer droplet.  This is due to the much larger surface area of the primary target as 
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compared to the wired electrodes.  This was seen in both homopolymer and copolymer 
PAN.  One distinguishable difference between the two polymers is copolymer PAN 
allowed longer tows to be produced, up to 15 cm for SWNT/PAN.  Aligned fibers 
spinning became more difficult as the SWNT content increases.  The fiber became brittle 
and broke under its own weight.  Without SWNT the PAN fiber tows can be made 
longer, approximately 20 cm for copolymer PAN.  For homopolymer PAN, shorter tow 
lengths were obtained.   
  Both polymers produced uniform fibers with similar surface morphology.  ESEM 
images of pristine PAN and 1 wt. % SWNT/PAN (Figure 66) show uniform fibers 
without beads.  Table 9 describes the fiber diameter distribution for these two systems.  
In both cases, the fibers were not fully aligned in the yarn axis but the degree of 
alignment was high as compared to the random fiber mat.  It was also noticed that the 
misalignment in the SWNT/PAN was greater than in the pristine PAN fibers.  This could 
be due to the presence of SWNT that changes the properties of the solution resulting in a 
 
 
  
Figure 66.   SEM images of electrospun aligned nanofibers.  a)  Pristine PAN nanofibers; 
and b) 1wt. % SWNT-loaded PAN. 
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non uniform jet that gave rise to a higher level of randomness.  This change in the 
solution properties also manifests itself in the shorter collection length and more 
randomness for SWNT-loaded PAN.   
 
Table 9.   Average fiber diameter of electrospun (LAD) pristine PAN and 1 wt. % 
SWNT-loaded PAN  
 
Sample  
Description 
Average Fiber 
Diamter (nm) 
Pristine PAN  
Homopolymer 
438 ± 118 
1 wt. % SWNT/PAN 
Homopolymer 
336 ± 134  
Pristine PAN 
Copolymer 
328 ± 78  
1 wt. % SWNT/PAN 
Copolymer 
549 ± 191 
 
 
 
 
 Due to the non uniformity at the ends of the tow, the ends must be trimmed off to 
remove the misaligned fibers before tensile testing.  In order to obtain a better 
distribution in uniformity in the sample, the trimmed yarn was folded in half widthwise 
(doubling the tow thickness). A low twist (~1 twist per centimeter) was applied to the 
sample before mounting on a testing frame as previously described in section 4.4.   
 The presence of SWNT in the solution changes the properties of the spinning 
dope.  If the same set up used for the pristine PAN were to be used in the SWNT/PAN 
spinning, shorter LAD fibers would be produced (5 cm long).  This length was found to 
be insufficient to remove all the non uniform portions at the ends of the tow. Therefore, 
modification of the spinning process was made in order to produce 10 cm long samples.  
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It is also noticed that misalignment of the fibers occurred more in the SWNT/PAN.  
Removing the distorted ends did not ensure complete removal of the misaligned fibers in 
the yarn sample.   As a result, the SWNT/PAN aligned fiber tows contained a higher 
degree of misalignment as compared to the pristine PAN aligned fiber tows.   
 In summary, from the examination of the fiber morphology through ESEM it is 
concluded that the two different PAN used in the study produced fibers with similar 
morphology.  Noticeable differences in the spinnability between the PAN homopolymer 
and PAN copolymer.  Better spinnability was experienced with the PAN copolymer, the 
polymer jet was always stable and concentration as high as 18 wt. % can be spun at 
ambient temperature.  While the PAN homopolymer, the jet became unstable and 
discontinuous.  Solution of higher than 14 wt. % could not be spun at room temperature.  
This is probably due to differences in the molecular weight and the nature of the 
copolymer.  Commercial PAN precursors are copolymer with a small percentage of other 
copolymer(s).  The copolymer is used to reduce the dipole-dipole cohesive forces 
between the nitrile groups, allowing higher molecular mobility hence improving 
processability (increases chains flexibility, conformation, and swelling, etc.).  As shown 
in Figure 67, PAN homopolymer solution, due to the high dipole-dipole attraction 
between the nitrile groups higher entanglement is possible.  The discontinuity in the jet 
during spinning can be explained by the fact that chains entanglement might not be 
uniform.  At point of high local entanglement, the viscosity is higher, so is the surface 
tension of droplet.  As a result, the jet is disrupted, whereas at low entanglement point the 
droplet breaks down to an atomistic spray.  With the PAN copolymer, the lower dipole- 
dipole attraction permits better swelling of the polymer chains and entanglement is 
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Figure 67.   Mechanism explaining the difference in spinnability between:  a) PAN 
homopolymer showing non uniform molecular entanglement regions in the solution; and 
b) PAN copolymer with uniform molecular swelling within the solution. 
 
 
uniform.  It was also observed that when the homopolymer PAN was mixed and allowed 
to age for several days the spinnability became better as compared to the freshly prepared 
solution.  Aging provides sufficient time for the DMF molecules to interact with the PAN 
molecules thus leading to uniform swelling of the molecular chains and reduction in local 
entanglements. 
 As noticed in the study the presence of SWNT in the polymer solution reduced 
the spinnability in all cases.  As described by Taylor [56], conductivity of the solution 
affects the spinning by altering the velocity of the jet.  Since the velocity is equal to the 
ratio between the mass flow rate and the cross-sectional area of the capillary, the velocity 
can be controlled by varying the capillary size. 
(b) (a) 
High local 
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5.3 Verification of the Presence of SWNT in the Electrospun Nanofibers by 
 Raman Microspectroscopy 
 
Raman microspectroscopy was used to confirm the presence of SWNT in the 
electrospun fibers.  Shown in Figures 68 are Raman spectra of the as-received purified 
SWNT, pristine PAN and various concentrations of SWNT-loaded PAN electrospun 
random fiber mats (Method IV dispersion, section 3.4).  All analysis was done by a diode 
laser (780 nm excitation wavelength).  Raman spectrum of electrospun pristine PAN 
fibers shows no distinctive peak.  Whereas, the spectra for SWNT/PAN nanofibers show 
the peaks at 1500 – 1600cm-1 and 156 – 256cm- 1 which are characteristic tangential (TM) 
and radial breathing modes (RBM) of SWNT, respectively.    
From the composite spectra in Figure 68 for all electrospun fiber samples and 
purified SWNT, it can be seen that the peaks in the electrospun fibers shifted up by ~10 
cm-1 relative to the pristine SWNT spectrum (Figure 68 and Table 10).  The tangential 
mode of the  purified HiPCO SWNT used in this study was observed at 1551 cm-1 to 
1579 cm-1 and RBM at 158 cm-1 to 256 cm-1.  For the electrospun random nanofibers, the 
tangential mode shifted to 1561 cm-1 - 1580 cm-1 and RBM to 168 cm-1 to 268 cm-1, 
respectively.  Shifting in the RBM peaks correspond to the interactions between tubes 
and tube/polymer matrix.  Shifting in the tangential mode usually corresponds to stress 
applied to the SWNT and can be correlated to the interfacial bonding between the 
nanotubes and matrix polymer.  It is hypothesized that during electrospinning the 
electrostatic force causes stretching of the polymer jet.  This elongational flow (molecular 
orientation) along with evaporation of the solvent (fiber shrinkage) imposed compressive  
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Figure 68.  Raman spectra of purified SWNT, electrospun nanofiber mats of pure PAN 
and SWNT-loaded PAN nanofibers at various SWNT loadings.  (λ = 780 nm)  
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Table 10.   Raman characteristic peaks of SWNT and SWNT/PAN at various SWNT 
loadings. 
 
 
 
 
stress on the nanotubes, therefore causing up shift of the peaks in the Raman spectrum of 
the composite nanofibers. 
 It was further observed that in the aligned fiber assembly the up-shift is even 
higher.  As shown in Figure 69, the peaks in the tangential mode increased by ~17 cm-1 
relative to the pristine SWNT, and ~5 cm-1 as compared to the random fiber mat.  This 
could be due to the way how the fibers were collected.  With the random fibers 
collection, stretching of the polymer jet along with evaporation of the solvent resulted in 
fiber diameter shrinkage hence imposed compressive stress on the nanotubes.  However, 
when the fibers hit the target the solvent is not fully evaporated, molecular relaxation 
took place, thereby reducing the compressive force on the SWNT.  Whereas, in the 
aligned fiber spinning the fibers were always under tension as they were suspended 
between the parallel electrodes during collection.  This restricted molecular relaxation, as 
a result the SWNT experienced higher compressive stress, hence caused higher up shift in 
the peaks.   
 Tangential Mode  RBM 
SWNT 1579 1551 1527 1281 1047 828 781 524 409 386 256 198 158
1 wt. % 1589 1563 1544 1294 1047 844 797 535 422 397 267 208 168
3 wt. % 1589 1561 1542 1293 1047 844 798 535 421 399 267 208 168
5 wt. % 1589 1561 1540 1293 1060 844 797 535 422 399 268 208 170
7 wt. % 1589 1561 1541 1291 1059 843 799 537 422 399 267 207 165
10 wt. % 1591 1564 1545 1294 1060 849 797 539 423 398 268 208 169
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Figure 69.   Raman spectra of SWNT, 1 wt. % SWNT/PAN random fibers, and 1 wt. % 
SWNT/PAN aligned fibers showing the shift in peaks. (λ = 780 nm) 
 
 
 
Verification of SWNT Alignment in the Nanofibers 
 
 It is hypothesized that alignment of SWNTs in the nanofibers is induced by three 
mechanisms:  shear flow, electrostatic charge, and diameter confinement during 
electrospinning.  To prove these points, observation for local alignment of SWNT was 
confirmed by HRTEM.  The results suggested SWNT were highly oriented in the fiber 
axis.  In effort to characterize the global alignment of SWNT in the nanofibers, polarized 
Raman was performed on the electrospun 1 wt. % SWNT/PAN aligned nanofibers.  
Polarized Raman is a technique widely used for characterizing the alignment of SWNT in 
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polymeric films and micro-filaments.  This is the first time that such experiment is 
performed on nanofibers.  In order to obtain accurate data, the same spot must be used at 
all rotational angles.  Due to the time constrain, a full quantitative analysis could not be 
made, rather a preliminary experiment to demonstrate the alignment of SWNT in the 
electrospun nanofibers through the intensity dependent of the Raman signal was carried 
out.  Because of non availability of diode laser (λ = 780 nm), an Ar ion laser (λ = 514.5 
nm) was employed in this study.  Figure 70 displays the Raman spectra (VV 
configuration) from the same location on the sample taken at various angle (θ) relative to 
the incident light.  VV specifies the configuration when the scattered light polarized 
parallel to the incident-light polarization.  When the light is polarized along the length of 
the nanotube the intensities at all modes are at maximum (θ = 0°) and decreases when 
deviates from parallel, and eventually becomes minimum at θ = 90°.   The decrease in 
intensity of the Raman signal as the relative angle between the polarized light and the 
tube axis increases suggested a high degree of SWNT alignment in the nanofibers axis 
(Figure 70).  This result plus the evidence of SWNT alignment from HRTEM analysis 
are in agreement with the hypothesis that electrospinning induces SWNT alignment 
through three mechanisms:  shear flow, electrostatic charge, and fiber diameter 
confinement. 
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Figure 70.   Polarized Raman spectra of 1 wt. % SWNT/PAN nanofibers at various 
rotational angle relative to the polarized direction.  (λ = 514.5 nm) 
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5.4 Verification of the Inclusion of SWNTs and Their Orientation in the 
Nanofibers by HRTEM 
 
The incorporation of SWNT was confirmed by Raman microspectroscopy for all 
composite fiber samples regardless of the dispersion method.  Characterization was done 
on bulk samples of non-woven mats and aligned fiber bundles.  Raman spectroscopy 
verified the presence of the nanotubes within the area under examination (~1 µm), it 
cannot verify whether the SWNT are actually incorporated inside the fibers or residing on 
the surface of the fibers.  Therefore, HRTEM was used to further confirm the inclusion of 
SWNT inside the fibers and their orientation within the fibers.  For the fibers spun from 
spinning dope prepared by Methods II and III (section 3.4), confirmation of the inclusion 
of SWNT was made by Raman spectroscopy.  HRTEM analysis of electrospun 
SWNT/PAN copolymer nanofibers indicated negligible presence of SWNT in the 
nanofibers while Raman spectroscopy detected SWNT in the electrospun fiber mats.  
HRTEM image of composite nanofiber containing 1 wt. % SWNT (not shown) appears 
featureless resembling that of unreinforced PAN fiber (Figure 71a), whereas, in the 
composite fibers the striations along the fiber axis are the SWNT (Figure 71b-c).  The 
discrepancy between the two findings is possibly due to several factors:  (1) the SWNT 
were residing on the surface of the nanofibers and were removed during sample 
preparation; and (2) non uniform distribution of SWNT in the fibers.  ESEM images 
(Figure 45) appear to support these conclusions as these fibers contain an unusual “web 
structures” resting on the exterior of the fibers.  The absence of PVP caused the SWNT 
bundles to adhere together and expand as they were ejected from the polymer solution 
during electrospinning.  HRTEM on the other hand, has a much smaller spot size which 
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makes observation of an individual fiber possible.  Considering the fact that SWNT may 
not be uniformly distributed along the length of the fiber and the sampling area is much 
smaller in HRTEM, there is less chance of finding SWNT in the nanofibers.  In addition, 
the contrast between the amorphous polymer matrix and the SWNT are not highly 
distinguishable, making identification of SWNTs difficult.  In order to accurately confirm 
 
 
 
Figure 71.  TEM image of electrospun PAN base nanofibers.  a) featureless pristine PAN 
nanofibers; b) 10 wt. % SWNT/PAN copolymer in DMSO; c) 10 wt. % SWNT/PAN 
copolymer in DMF; and d) 10 wt. % SWNT/PAN homopolymer in DMF.  The striations 
along the fiber axis in (b – c) are SWNTs. 
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the incorporation of SWNT in the nanofibers it is necessary to characterize fibers by both 
Raman and HRTEM.  HRTEM can also be used to qualitatively characterize the degree 
of disentanglement and distribution of CNT in the fibers. 
The presence SWNT in the electrospun 10 wt. % SWNT/PVP/PAN copolymer in 
DMSO and in DMF was confirmed by HRTEM.  Again, many fibers were examined and 
not every fiber contained SWNT.  The incorporation of PVP in the dispersion appears to 
have improved the disentanglement of the SWNT.  SWNT bundles were found forming 
outside the fibers as revealed under ESEM but in a noticeably smaller amount as 
compared to the 1 wt % SWNT which was not PVP treated. This demonstrates the 
effectiveness of PVP in reducing and preventing the SWNT bundles from 
reagglomerating.  A high concentration of SWNTs was found oriented in the fiber 
direction as demonstrated in Figure 71(b and c).  This local alignment of SWNT is 
attributed by shear/elongational flow, electrostatic charge and fiber diameter confinement 
induced during the electrospinning process as illustrated in Figure 24. 
For the electrospun SWNT/PAN (1 – 10 wt. % SWNT) electrospun fiber mats 
prepared by Method IV (section 3.4), Raman microscopy verified the presence of SWNT 
in the samples.  The success rate in detecting the SWNT in the sample with 1 – 3 wt. % 
SWNT was ~50 % out of all the observations.  ESEM observation revealed very few nets 
residing on the surface of the fibers.  This indicates that the PVP effectively assist in 
incorporating the SWNT in the PAN matrix but still they were not uniformly distributed 
among the fibers.  For 5 – 10 wt. % SWNT the success rate in detecting the nanotubes 
was ~70 %.  Although, the dispersions of these high SWNT loadings were quite poor 
since large aggregates were optically visible, but higher concentration provides higher 
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probability of distribution, therefore the detection rate was higher.  Again, under HRTEM 
negligible amount of SWNT were found in 1 and 3 wt. %, very few were found in 5 - 7 
wt. % and finally, many were found in 10 wt. %.  Figure 71d shows a composite 
nanofiber with high content of SWNTs, and they are highly oriented in the fiber 
direction.  
 From the above observations, modification of the dispersion and spinning dope 
preparation was again implemented.  Dispersion of 1 wt. % SWNT/PAN homopolymer 
by Method IV (section 3.4) was used for fabricating the aligned nanofibers.  With this 
improved method of solution preparation, results from both Raman and HRTEM 
confirmed the presence of SWNT in the samples.  The success rate in detecting SWNT 
by Raman within the examining specimen was 100 %.  Many fibers contained aligned 
SWNT along the length were located under the HRTEM, thus indicating a better 
dispersion and distribution of SWNT within and among the fibers.  The produced aligned 
fibers have diameters in the order of several hundred nanometers which might be too 
thick to get high quality HRTEM images.  Typical HRTEM images showing the SWNT 
in the aligned fibers are shown in Figure 72. 
 The aligned composite nanofibers spun from the spinning dope prepared by 
Method V shows significant improvement in the distribution of SWNT in the fibers.  The 
majority of the fibers with 1 wt. % SWNT content examined under the HRTEM 
contained SWNTs and they were also highly aligned in the fiber direction as shown in 
Figure 73.  Shown in Figure 73b is a bundle of misoriented SWNTs running 
perpendicular to the fiber axis (black arrow).   
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Figure 72.  HRTEM images showing the presence of SWNT in 1 wt. % SWNT/PAN 
homopolymer aligned nanofibers, spinning dope prepared by Method IV.  a) SWNT 
orients along the edge of the fiber; and b) bundles of SWNT protrudes from fracture end 
of the nanofiber. 
 
 
 
  
 
Figure 73.   TEM images of 1wt. % SWNT/PAN homopolymer fiber spun from spinning 
dope prepared by Method V.  a) Low magnification image of the fiber showing SWNT 
along the edges of the fiber; and b) A close-up of the fiber edge showing a populated area 
of SWNT along the edge of the fiber and some misoriented tubes oriented perpendicular 
to the fiber axis (black arrow).  
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In conclusion, results from ESEM, Raman microspectroscopy, and HRTEM indicated 
that Methods V (excess solvent method) was the most favorable method for dispersion of 
SWNTs.  The technique of using excess volume of solvent to overcome or reduce the 
attraction forces between the nanotubes was the most effective since it produces SWNT 
of bundle size <10 nm to 20 nm.  Smaller SWNT bundles not only contribute in the 
uniformity of the fiber but also expected to enhance the toughness of fiber by SWNT 
pull-out from the matrix during failure.  The shear modulus between bundles decreases 
with increasing bundle size, therefore, smaller bundles are favorable in maximizing the 
properties of the composite nanofibers. 
 
5.5 Mechanical Properties of the As-Spun Fibers 
 
 In order to gain understanding of how the electrospun fibers behave, preliminary 
tensile testing was performed on the as-spun fiber without any post treatment such 
mechanical drawing and heat treatment.   
 
5.5.1 Tensile Properties of As-Spun Random Nanofiber Mats 
  
PAN Homoplymer 
 
Since electrospinning produces nanofibers in non woven mat form, tensile 
properties characterization was carried out on 5 mm x 30 mm strips.  Although, this was 
not a good method for determining the properties of the non woven fiber assembly, it was 
used in this study for preliminary analysis of tensile properties of nanofibers.  The fibers 
were tested as-spun without any post processing. 
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The results suggested that with the addition of 1 wt. % SWNT, the modulus and 
strength of the green fiber mat were more than double that of the control pure PAN 
nanofiber mat as illustrated in Figures 74 and Table 12.  These non-woven mats exhibited 
ductile stress-strain behavior.  The lower slope in the initial region of the curve 
corresponds to the re-aligning of the fibers in the loading direction.   
 Increase in the applied load induced orientation of the fibers parallel to the 
loading direction causing increase in resistant to deformation, as a result the slope of the 
second region of the stress-strain curve increased.  The increase in the slope is attributed 
by the sliding friction between the nanofibers.  Further increase in the load eventually 
overcomes the cohesion between fibers and yielding occurs.  Once the fibers are  
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Figure 74.   Tensile properties of as-spun pristine PAN and SWNT-loaded PAN 
nanofiber mats. 
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Table 11.   Tensile properties of as-spun random nanofiber assembly 
 
Fiber 
Sample 
Max. Specific 
Stress 
σsp (MPa) 
Elastic Modulus 
E (GPa) 
Breaking 
Strain 
(%) 
Unreinforced PAN 8.9 ± 1.6 0.23 ± 0.07 18.9 ± 3.2 
1 wt. % SWNT/PAN 12.4 ± 2.1 0.65 ± 0.12 8.4 ± 3.6 
3 wt. % SWNT/PAN 7.0 ± 0.1 0.37 ± 0.07 2.5 ± 0.8 
5 wt. % SWNT/PAN 5.5 ± 1.3 0.27 ± 0.11 2.8 ± 0.4 
7 wt. % SWNT/PAN 2.1 ± 0.4 0.1 ± 0.01 4.0 ± 1.0 
10 wt. % SWNT/PAN Extremely fragile, broke during preparation 
 
 
 
plastically deformed, gradual reduction in the total cross-sectional area of the fibers 
reduce the resistance to deformation and failure of the fiber strip takes place.  All fiber 
samples exhibits a ductile failure behavior with extensive deformation through multiple 
necking of the fiber prior to fracture.  The failure mechanisms and morphology of the 
deformed fibers will be discussed in subsequent sections. 
Further increase in SWNT content did not increase the tensile properties of the 
nanofibers.  The properties (tensile strength and modulus) were decreased consistently 
until the SWNT content reached 7 wt. %.  The 10 wt. % SWNT could not be tested 
because they were extremely fragile and failed during preparation.  The decrease in 
properties with increase SWNT content could be attributed to non-uniform dispersion and 
increasing number of SWNT aggregates in the spinning dope.  As previously discussed 
(section 3.4), high SWNT content enormously increases the viscosity of the mixture 
resulting in poor dispersability.  Large SWNT bundles and aggregates act as inclusions or 
defects that weaken the fibers.  Further evaluation is necessary in future to optimize 
dispersion.  However, it should be noted that, these nanofiber mats were tested before any 
post-treatment such as mechanical drawing or heat treatment to convert the PAN matrix 
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to carbon. Therefore, the properties should not be compared to that of the commercial 
fibers.  With appropriate post processing/treatment, the properties of these composite 
nanofibers are expected to improve greatly.   
It can be seen from equations 12 and 13 (section 4.4) that conversion of the 
specific stress to SI unit is density dependent.  If the density of the fabric is accurately 
measured then conversion is considered relatively appropriate.  Due to the highly 
compressible nature of non woven nanofiber mat, accurate determination of the fabric 
density is not possible, therefore the density of the fiber mat was assumed the same as the 
fiber (~1.2 g/cm-1).  This means that the assumption of a solid film was made in the 
computation of the stress.  For this reason, the tensile properties shown in Figure 74 
could be significantly higher if an accurate density of the fabric was made.   
 Furthermore, this test method measured mostly the sliding friction between fibers 
and not the true properties of fibers.  A more appropriate approach would be 
impregnating the fibers in epoxy resin and then testing the composite.  The properties of 
the fibers can be back calculated, providing that the proportion of each constituent is 
known.  It should be noted further that carbonized nanofibers impregnated in epoxy will 
be a better option for determining the tensile properties than the as-spun nanofiber. 
 
 
PAN Copolymer 
 
The average tensile properties of the electrospun random nanofiber strips 
produced from PAN copolymer are shown in Figure 75 for pristine PAN, 1 wt. % 
SWNT/ PAN and 10 wt. % SWNT/ PAN.  The average stress-strain values of these 
fabrics are tabulated in Table 12.  The reinforcement effect of SWNT is not fully realized 
   
  152
 
  
 
 
Figure 75.   Average tress-strain curves for electrospun pristine PAN and SWNT/PAN  
random nanofiber strips using copolymer PAN. 
 
 
 
 
Table 12.   Tensile properties of electrospun pure PAN and SWNT/PAN nanofibers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Description 
Max. 
Strength 
σsp 
(MPa) 
Elastic 
Modulus 
E 
(GPa) 
 
Elong. 
 (%) 
Pristine  PAN 11.9 ± 1.8 0.51 12.2 ± 1.8 
1 wt. % 
SWNT/PAN 
12.4 ± 2.1 0.35 18.7 ± 2.4 
10 wt. % 
SWNT/PAN 
8.6 ± 0.5 0.21 10.5 ± 1.9 
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due to the non uniform distribution of SWNT.  The elastic modulus of pure PAN is 
approximately 0.51 GPa, with the addition of 1 wt. % SWNT the modulus decreases to 
0.35 GPa and 0.21 GPa for 1 and 10 wt. %, respectively.  This unexpected effect was also 
observed in the SWNT/PAN copolymer.  This might be due to insufficient dispersing of 
the SWNT, and the poor interfacial bonding between the reinforcement and matrix.  
These are the key issues that need to be addressed in order to obtain maximum translation 
of SWNT properties.  Shown in Figure 76 are digital and ESEM images of the tensile 
testing in progress, showing successive stages of deformation.  The inset in Figure 76e 
shows the three different deformation textures found in the fracture surfaces of the fiber 
samples.  From the ESEM images of the failure surface, it is apparent that extensive 
necking of the nanofiber occurred before failure.  Multiple necking was observed in all 
fiber samples tested in this study including random and aligned fiber assemblies, 
 
 
 
Figure 76.  Tensile testing of random nanofiber strip in progress showing successive 
stages of deformation (Extension rate:  0.2 mm/min). 
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unreinforced and reinforced fibers at various SWNT loadings, and homopolymer as well 
as copolymer PAN.  Representative images of multiple necking of 1 wt. % SWNT/PAN 
and 10 wt. % SWNT/PAN nanofibers are illustrated in Figure 77.  Such deformation 
indicates a relatively ductile failure.  For 10 wt. % SWNT/PAN (Figure 77c), the necking 
is less periodic than that observed in 1 wt. % SWNT/PAN (Figure 77b) where the spacing 
between the necks are noticeably smaller.  It is apparent that the 10 wt. % SWNT/PAN 
has less resistance to deformation than the lower SWNT content.  It is anticipated that 
higher reinforcement content would made the fiber less susceptible to deformation but it 
was not observed in this study.  This adverse effect can be related to the higher degree of 
non uniform SWNT distribution in the fiber as a result of inadequate dispersion of the 
nanotubes at high concentration.  The regions along the length of the fiber having lower 
concentration of SWNT or perhaps no SWNT at all are more prone to deformation and 
behave similar to the unreinforced PAN fiber (Figure 77a).  Whereas in the 1 wt. 
%SWNT/PAN fiber (Figure 77a), the distribution of SWNT in the fiber is more uniform. 
This provides uniform reinforcement stress distribution throughout the entire length of 
the fiber, leading to a more periodic necking prior to failure.  Higher necking density is 
seen near the fracture end where the stress is highest and decreases away from it.  The 
deformation mechanism can be seen as the presence of the applied load causes stretching 
of the fiber to a level where the fiber is plastically deform.  At this point the SWNT are 
highly oriented in the loading direction which in turn locally strengthen the fiber. This 
mechanism repeats itself until it reaches a weakest point where stress concentration is 
highest and fracture occurs.  It is a necessity to investigate the deformation mechanisms 
of these nanofibers at nanoscale level through exploration of the fracture surfaces of the  
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Figure 77.   SEM and TEM images showing the ductile deformation of nanofibrils under 
tensile loading.  a) an area exposing a numbers of pristine PAN fibers underwent 
extensive multiple necking deformation; b) necking deformation in unreinforced PAN 
fiber; c) necking in 1 wt. % SWNT/PAN fiber; d) necking in 10 wt. % SWNT/PAN; and 
e) TEM image showing gradual necking deformation in 10 wt. % SWNT/PAN and 
fracture occurred by SWNT pulling out from the PAN matrix. 
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fiber by HRTEM analysis in order to optimize the properties.  Nanoscopic deformation 
mechanisms of the fibers will be discussed in a later section of this chapter. 
 
5.5.2 Tensile Properties of Electrospun Aligned Nanofibers 
 
 Effective translation of properties of the polymer to the SWNT reinforcement can 
be examined through the investigation of the tensile properties of aligned fiber tows.  
Aligned fibers minimized unwanted effects such as friction due to cohesion and sliding 
between fibers.  The resulting stress-strain properties of electrospun aligned and random 
nanofiber assemblies of 1 wt. % SWNT-loaded PAN homopolymer are illustrated in 
Figures 78 and 79.  It can be seen that fiber alignment plays an important role in the 
mechanical properties of the fibers.  Approximately, 60 % increase in breaking strength 
and twice the rupture strain was observed in the aligned composite fibrils as compared to 
their random configuration (Figure 78).  However, the change in elastic modulus is 
relatively small.  The increase in stress-strain properties of the 1 wt. % SWNT/PAN 
composite fibrils, from random to aligned fibers assembly, was not as significant as that 
achieved in the pristine PAN fibrils (Figure 79 and Table 13) where a six-fold increase in 
strength and modulus was observed.  This could be due to several factors such as non 
uniform dispersion of the SWNT, poor interfacial bonding between the SWNTs and PAN 
matrix, higher degree of fiber misalignment, and non uniformity in fiber collection 
resulting in variation of yarn specific cross-sectional area.  The latter two effects were 
discussed in previous section 5.2.3 and Figure 65.  Furthermore, these fibers were tested 
in the green form without any post treatment.  Post processing such as mechanical 
drawing would further align the PAN molecules, the SWNTs in the fibers as well as  
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Figure 78.   Stress-strain properties of 1 wt. % SWNT-loaded PAN nanofibers tested in 
random mat and aligned fiber forms. 
 
 
 
 
Figure 79.   Stress-strain properties of pristine PAN and 1 wt. % SWNT/PAN in both 
random and aligned fiber assemblies. 
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fibers alignment in the yarn bundle.  This drawing effect had been observed in the 
micrometer filaments with significant improvement in tensile properties [186].  Heat 
treatment of the fibers might generate better interaction between SWNT and matrix, 
hence improving the mechanical properties.   
 
 
Table 13.   Tensile properties of electrospun aligned fibers (LAD) and random fiber. 
 
 Elastic 
Modulus 
(GPa) 
Breaking 
Strength 
(MPa) 
Breaking 
Elongation 
(%) 
Aligned pristine 
PAN  
1.2 ± 0.24 69 ± 4 34 ± 5  
Random pristine 
PAN  
0.24 ± 0.08 8.9 ± 1.7  19 ± 3  
Aligned 1 wt. % 
SWNT/PAN 
0.70 ± 0.11 30.2 ± 2.7 15.5 ± 2 
Random 1 wt. % 
SWNT/PAN 
0.65 ± 0.12 19.4 ± 5.3 8.5 ± 3 
  
 
 
5.5.3 Failure Mechanism of Nanofibers 
 
In order to elucidate the mechanism for stress transfer and provide guidance for 
further improvement of the translation of the SWNT properties to the nanofibers, the 
microstructure evolution of the SWNT/polymer composite fibers during tensile 
deformation up to rupture was investigated.   Examination of the fracture surfaces of 
pristine PAN and 1 wt. % SWNT/PAN composite nanofibers were performed by 
HRTEM. 
For HRTEM examination, small amount the nanofibers were drawn out of the 
fracture surfaces of the tensile tested specimens and placed on the lacey carbon coated 
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copper grids.  HRTEM was performed using JEOL 2010F TEM with a low accelerating 
voltage of 100 kV to minimize CNT damage by the electron beam.  
 
 
Pristine PAN Nanofibers 
 
Figure 80a shows typical HRTEM image of unreinforced electrospun PAN 
nanofibers having a uniform cross-section and smooth surface.  The average diameter of 
the fibers is 180 nm.  Occasionally, along the length of the fiber there are white striations 
perpendicular to the fiber axis as indicated by the white arrows in Figure 80a [187].  An 
enlarge image of these regions (Figure 80b) reveals a number of fibrils forming parallel 
to the fiber axis or loading direction. These fibrils (Figure 80c) are mainly amorphous 
polymer with some texture parallel to fiber axis, as indicated by a black arrow.  This 
texture is confirmed by the inset of Figure 80c which is fast Fourier transformation (FFT) 
of the image, depicting an oriented diffractogram (astigmatism has been aligned).  The 
formation of these fibrils is a result of tensile deformation as demonstrated by the 
multiple necking along the segment of the fiber near its fracture end as revealed by 
ESEM (Figure 77).  Such deformation mechanism is known as “crazing” which has been 
widely observed in macroscopic polymeric materials when subjected to tensile loading.  
This is the first time the crazing phenomenon is observed in nano-sized electrospun 
fibers. Crazing is frequently associated with brittle (amorphous) polymer at stresses 
below fracture in which a “whitening” of the sample occurs [188] .  The formation of the 
crazing is primarily due to molecular entanglement in high molecular weight polymer.  
Depending on the density of entanglement the polymer may exhibits brittle behavior if 
the entanglement is high.  Low entanglement allows the polymer chains to disentangle  
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Figure 80.   TEM images of unreinforced PAN fibers after stretching.  a) Straight and 
smooth electrospun PAN fibers. The crazing areas are depicted by arrows;  b) Enlarged 
image of the crazing areas in (a). The arrow indicates the fibrils spanning the cracks and 
holding them together;  c) A close-up image of a crazing fibril, showing amorphous 
structure with texture. The black arrow indicates the orientation of the texture. The inset 
is FFT of the image which confirms the texture; and d) Fracture surface of an 
unreinforced PAN fiber. 
 
 
under tensile loading to a certain level where crazing or crack-like entities form in a 
direction perpendicular to the applied load.  Crazing frequently accompanies by an 
opaque or white appearance to the polymer near the failure stress.  The transformation  
in appearance of amorphous polymer from transparent to white associated with crazing is 
due to light scattering from these tiny cracks.  Under the HRTEM tiny fibrils can be seen 
spanning the cracks and helping to hold them together as shown in Figure 80B.  The 
Secondary 
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  161
 
  
formation of fibrils in the crazing areas obviously absorbs some energy but at some 
critical stress larger cracks are formed which propagate through the material and it fails.  
Conventionally, in macroscopic polymer two mechanisms are suggested in toughening 
brittle polymers that fail in this fashion.  The first method involves promoting the 
formation of crazes by the addition of a small amount of rubber to a rigid polymer.  Due 
to the apparent mismatch between the modulus of the rubber and the rigid matrix, these 
small rubber particles act as stress concentrators, thus inducing the formation of crazes 
throughout the material rather than near a crack tip, where they are usually found in 
homogenous rigid polymer.   This toughening mechanism has been used in rubber 
modified polymer to produce impact resistance plastics since crazing is known as a 
powerful energy absorbing mechanism [188].     
The second mechanism involves crack stopping, for example, glass fiber 
reinforced epoxy.  If the interfacial bonding between the fiber and matrix is less than that 
of either bulk material, then as the crack approaches a fiber debonding takes place and the 
crack changes it direction of propagation from perpendicular to parallel to the fiber.  This 
mechanism blunts the crack and absorbs energy thereby increases the toughness of the 
brittle epoxy matrix.   
 The crazing phenomenon observed in Figure 80 suggests that the polymer fibers 
produced by electrospinning contain low density of molecular entanglements.  However, 
the crazing areas are also the weak points of the polymer fiber because of the high stress 
concentration. Rupture of the nanofiber always occurs at the crazing areas shown by 
arrows in Figure 80A.  Therefore, strengthening the crazing area with SWNTs, analogous 
to the macroscopic fiber reinforced polymer, can be a key issue for improving fiber 
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strength and critical strain.  Figure 80D shows the fracture tip of an unreinforced PAN 
fiber where the intensive reduction in fiber diameter accounts for high molecular mobility 
of the amorphous PAN prior to failure of the crazing fibrils.  During the deformation 
mechanism large amount of elastic energy is generated, rupture of the crazing fibrils 
release the energy causing the rupture tip to mushroomed or secondary necking as shown 
by the arrow in Figure 80D.  Occasionally, the rupture crazing fibrils of tens of 
nanometers is observed around the fracture tip and often mistaken as SWNT under the 
ESEM. 
 
1 wt. % SWNT/PAN Composite Nanofibers 
 
The deformation of SWNT/PAN fibers subjected to tensile testing also introduced 
crazing (Figure 81a).  The crazing areas in SWNT/PAN fibers exist more periodic than 
those in pristine PAN fibers (Figure 80A).  The number of crazing fibrils in each crazing 
area of the SWNT/PAN fibers is less than that of pure PAN fibers.  Such noticeable 
differences can be explained by the higher resistance to stress as compared to 
unreinforced PAN fibers, hence indicating that the incorporation of SWNTs affects the 
crazing mechanism. All observed fracture surfaces of SWNT/PAN fibers show 
protruding SWNTs, as shown in Figure 81b.  The distribution of SWNTs along the 
fracture surface is uniform, suggesting a homogeneous distribution of SWNTs in PAN 
matrix has been achieved.  Shown in Figure 81c is a SWNT (1.3 nm in diameter) 
bridging a broken fiber after the fiber completely failed, indicating that the SWNTs 
provide reinforcement to the PAN fibers.  A common feature in Figures 81(B and C) is 
that protruding SWNTs appear with no polymer adheres on the surfaces of the nanotubes.  
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Figure 81.  TEM images of SWNT/PAN fibers subjected to tensile deformation.             
a) Periodic crazing along the length of SWNT/PAN fiber;  b) SWNTs protrude from the 
fracture surface of the composite nanofiber.  Enlarged image of a SWNT is shown in the 
inset; and c) A SWNT bridging the ends of a broken fiber 
 
 
 
 
This indicates that the interfacial bonding between SWNTs and PAN matrix is relatively 
weak that the SWNT simply pulled out as the applied stress exceed the interfacial bond 
strength.  It is necessary to improve interfacial bonding between SWNT and polymer by 
surface functionalization of SWNTs. 
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Analysis of the Crazing and Rupture Mechanism of a SWNT/PAN Composite 
Nanofiber Under Tension 
 
According to HRTEM observations, a two-stage toughening mechanism of 
SWNT/polymer composite nanofibers produced by electrospinning can be derived.  A 
schematic illustration of the mechanism is shown in Figure 82.  Initiation of the crazing 
usually starts at a surface defect in the form of notch defect or impurity where stress 
concentration is high (Figure 82a).  A crazing starts from the surface and ends in the fiber 
as indicated by an arrow in Figure 80B.  Without crazing, the crack will propagate 
through the fiber and will cause catastrophic failure.  In traditional fiber reinforced 
composites the fiber is larger than the crack therefore it can stop the crack from 
propagating.  The presence of SWNTs (Figure 82b) cannot block the crazing due to the 
small dimension of SWNTs (~1.3 nm in diameter and ~1 µm in length).  However, the 
SWNTs hinder the crazing extension since orientation and pull-out of SWNTs during 
loading in the crazing area consume extra energy (Figure 82c).  The retarded crazing 
extension is therefore responsible for the increase in toughness of the polymer.  Since 
SWNTs are uniformly distributed in the PAN fiber, the stress is transferred uniformly 
within and along the fiber length, hence minimizing local stress concentration. The 
reinforcement effect of SWNTs generates periodic crazing along the length of the fiber, 
especially near the fracture end where the fiber experiences highest stress (Figures 82c).  
It is also noticed that the crazing areas observed in SWNT/PAN fiber are less populated 
with crazing fibrils as compared to the unreinforced PAN fiber.  This is due to the 
reinforcement effect of the SWNT which increase the resistance to deformation that 
accounts for the reduction in crazing fibrils formation.  
   
  165
 
  
 
 
Figure 82.   Schematic illustration of crazing and rupture of a SWNT/PAN composite 
nanofiber under tension.  A) Voids formation in front of a notch as a result of applied 
tensile stress;  B) Elongation of voids and formation of fine fibrils in the crazing area. 
Alignment of SWNTs parallel to the loading direction and crazing fibrils occur;               
C) Crazing extends across the fiber diameter with SWNTs well aligned; and D) Failure of 
the crazing fibrils and the load is transferred to the SWNTs.  Final rupture of the 
composite fiber occurs through SWNTs pull out from the fiber fracture surfaces. 
 
 
 At the second stage of rupture (Figure 82d), the crazing fibrils break and SWNTs 
reinforce the PAN fibers through the pull-out mechanism.  It is well known that untreated 
SWNT has extremely inert surface that provides poor bonding to the matrix material.  
The amount of stress the composite fibers can withstand is dependent on how well the 
adhesion between SWNT and PAN matrix is.  Since the interfacial is incomparable to 
   
  166
 
  
superior properties of SWNTs, pulling out of the reinforcement normally occurs rather 
than failure of the nanotube.  Pull-out mechanism consumes energy, and this energy 
assumption is more with SWNT because of the large available surface area.  Thus 
providing significant toughening and strengthening of the fiber. 
 
5.6 Post Treatment of the Electrospun Nanofibers 
 
 Post processing of the PAN precursors to improve the properties of the fibers and 
to convert the PAN matrix to carbon was performed on the electrospun nanofibers.  The 
aligned fiber tows were subjected to mechanical drawing to gain molecular orientation in 
the fiber axis, followed by a series of heat treatment in order to produce the final carbon 
fibers.  The focus of this study was the fabrication and characterization of the electrospun 
nanofibers precursor produced from PAN and SWNT/PAN.   Therefore, preliminary 
study of the post processing was performed to demonstrate the thermal stability of the 
SWNTs when exposed to high temperature during the carbonization process.  The effect 
of molecular orientation on the microstructure of the carbonized fibers was also 
investigated. 
 
5.6.1 Mechanical Drawing and Stabilization of the Aligned Nanofiber Tows 
 
 Mechanical drawing and stabilization of the fibers were performed 
simultaneously in an oven.  Stretching of the aligned fiber tows of PAN homopolymer 
and 1 wt. % SWNT/PAN to further aligned the polymer chains in the fiber direction was 
carried out.  Drawing was done below the glass transition of PAN (Tg ~ 166° C) at ~120° 
C in air using a specially built fixture.  The unreinforced PAN fibers were stretched to 
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~40%, while the 1 wt. % SWNT/PAN fibers failed beyond 5% strain, therefore only 5% 
strain was applied to the composite nanofibers.  After drawing, low temperature heat 
treatment or stabilization was conducted in air at 200°C for 1 hour.  It is crucial that the 
fiber tows must be kept under tension throughout the stabilization duration to prevent 
relaxation or recoiling of the polymer chains (a major contributing factor to high 
mechanical properties of the final carbon fibers).  The control samples, unreinforced PAN 
fiber tows, were mounted on the fixture without stretching and also treated under the 
same atmosphere and conditions.  At the end of the process, the heat was turned off and 
the fiber tows were allowed to slowly cool to room temperature inside the oven.  The 
stabilized fibers appeared light brown in color as opposed to white before the heat 
treating process.  The main reactions occurred during this process such as cyclization, 
dehydrogenation, and oxidation are responsible for the change in color of the PAN 
precursor fiber to yellow or light brown.   
 During the stabilization process, the three main phenomena occur: mass transfer, 
heat transfer, and shrinkage.  Mass transfer involves oxygen absorption into the fibers 
and evolution of volatile products such as HCN, NH3, H2, etc. [18].  Heat transfer takes 
place due to the various exothermic chemical reactions.  The heat generation can cause 
damage to the fibers.  Therefore it is important to use low heating rates to avoid 
overheating of the fibers which can lead to chains scission.   
 There are two types of shrinkage that occurs during stabilization, physical and 
chemical shrinkages.  Physical shrinkage is associated with the entropy recovery due to 
the developed strain in the molecules during drawing.  Chemical shrinkage is a result of 
chemical reactions during the stabilization process, which lead to the formation of 
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cyclized ladder polymer.  The rate and magnitude of chemical shrinkage depends on the 
processing conditions such as the treatment atmosphere, the treatment temperature, the 
applied load, the drawing ratio, and the heating rate.  Shrinkage of fibers always occurs if 
no tension is applied during heat treatment.  However, opposite result is observed in this 
experiment where all the fiber tows became longer after the stabilization process as 
illustrated in Figure 83.  The unstretched stabilized PAN fiber tows experienced the most 
extension as shown in Figure 83a, the stretched PAN exhibited a lesser amount of 
extension (Figure 83b), and lastly, the SWNT is most stable with very little extension 
(Figure 83c).  In carbon fiber manufacturing, the stretching is done in steam, boiling 
water, or an aqueous solution of DMF [50]. The fiber tow is passed through a series of 
drums with various diameters or rotational speed to control the drawing ratio.  Therefore,  
  
 
Figure 83.   Aligned fiber tows after stabilization.  a)  As-spun PAN fiber tows without 
stretching;  b) PAN fiber tows with 40% stretching;  and d) 1 wt. % SWNT/PAN with      
5 % stretching.  The images on the left in each group are top views and on the right is 
side view showing the extension of the fiber after stabilization. 
cba 
Fibers Fibers Fibers 
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the fibers are always under constant tension throughout the stabilization process.  The 
fixture built for this experiment can only stretch to a desired level.  A fluctuation in 
tension during the stabilization process could not be controlled.  In addition, enlargement 
in fiber diameter were also observed in all three samples.  The diameters of the fibers 
before and after stabilization are provided in Table 14.  The increase in fiber diameter 
was by ~ 18% in the unstretched PAN, ~16% in stretched PAN, and 9% in the 
SWNT/PAN.  The increase in fiber diameter and length could be due to improper heating 
treating conditions such as excessive heating rate, under tensioning or over tensioning 
that causes damage to the stabilized fibers.  The oven used for stabilizing the fibers in this 
study has a fixed heating of approximately 10°C/min.  This heating rate is much higher 
than the recommended rate of 1 -3°C/min. and not to be exceed 5°C/min. [52].  These 
conditions are very critical in determining the properties and processability of the fibers 
in subsequent higher temperature treatment.  Since the heating rate used in this 
experiment was higher than the maximum suggested rate, the fibers might have been 
damaged, resulting in enlargement of the diameter and increase in length.  But no 
physical damage of the fibers was observed externally. 
 
Table 14.   Average fiber diameters of electrospun PAN nanofibers and 1 wt. % 
SWNT/PAN nanofibers before and after mechanical drawing and stabilization. 
 
PAN Nanofibers 1 wt. % SWNT/PAN Nanofibers 
As-spun No stretched 
and oxidized 
Stretched 40% 
and oxidized 
As-spun Stretched 5% and 
oxidized 
297 ± 57 352 ± 69 345 ± 78 386 ± 176 428 ± 167 
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 Figure 84 shows ESEM images of the as-spun and stabilized fibers.  Images (a 
and b) are the control PAN fibers with fibers oriented in the yarn direction, and relative 
smooth surface texture.  The surface texture remained smooth after stabilization under no 
tension, however increase in fiber coiling is observed (images b and c of Figure 84).  
Such coiling is expected because of the absence of tension that promotes molecular 
relaxation.  The PAN fiber tows that had been stretched by 40% prior to stabilization 
exhibit high degree of fibers orientation along the bundle (images e and f).  From these 
images, it can be concluded that stretching further induces alignment at the fiber level.  
The transverse bands on the fibers (the inset in image f) might be an indicative of 
molecular relaxation occurred during the stabilization process.  If the fibers were under 
tension throughout the entire stabilization process then relaxation of the polymer chains is 
prohibited and orientation would be locked in.   
 The 1 wt. % SWNT/PAN fibers (images g and h), have sandy surface texture as 
shown in the inset of image (f).  This could be SWNTs residing near the surface of the 
fibers and exposed to the surface during the stabilization process.  This texture was also 
observed under HRTEM as dark spots on the fibers as shown in Figure 85.  The 
uniformly distributed longitudinal striations suggest a good orientation and dispersion of 
SWNTs in the fiber axis, with regions of darker in contrast depicting areas of higher 
SWNT density.  Among all the treated fiber tows, individual SWNT/PAN fibers were 
more uniform and less torturous.   
 The important role of mechanical drawing in enhancing the tensile properties of 
fibers has been demonstrated in a separate part of this study on microfilament with and 
without SWNT reinforcement [189].  Drawing of the filament not only induced  
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Figure 84.   Morphology of the electrospun PAN-base nanofibers before and after post 
processing.  a) and b) As-spun PAN fibers;  c) and d) Stabilized PAN without stretching;  
e) and f) Stabilized PAN with 40 % stretching; and g) and h) Stabilized 1 wt. % 
SWNT/PAN with 5% stretching. 
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Figure 85.   TEM image of 1 wt. % SWNT/PAN nanofibers with sandy texture. 
 
 
alignment of the polymer chains but at the same time further orient the SWNT in the 
loading direction.  This significantly increases the tensile properties of the filament as 
shown in Figure 86.  It was observed that the as-spun filaments were extremely weak.  
But after stretching, over an order magnitude increase in tensile modulus and strength 
was observed.  Significant toughening of the drawn filaments is represented by an 
increase in the area under the stress-strain curves.  Both unstretched PAN and 
SWNT/PAN had similar modulus and strength, however, the strain was double in the 
SWNT/PAN.  Thus, indicating significant improvement in toughness with the presence 
of SWNT.  At the as-spun stage limited interaction between SWNT and PAN is expected 
therefore the increase in strain is due to SWNT pulled-out as discussed in last section.  
Aside from inducing orientation, the reduction in fiber diameter asserted compressive  
200 nm 
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Figure 86.   The effect of mechanical drawing on tensile properties of pristine PAN and 
SWNT-loaded PAN filaments. 
 
 
 
 
force on the SWNT which provide better interaction with the polymer matrix in the form 
of mechanical interaction.  This could be responsible for the steep increase in slope after 
yielding were the load is transferred to the SWNT.  With the unreinforced PAN, gradual 
increase in slope after yielding with a noticeable knee is observed.    
 Evidence of molecular as well as nanotubes alignment was investigated by 
ESEM.  Toughening of the drawn filaments is recognized through the split fracture 
surface as shown in Figure 87 (b and d), specially, in Figure 87b where fibrillar structures 
are found lying along the split edges of the filament.  Depending on the amount of  
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Figure 87.    ESEM images of micro filament of PAN and SWNT/PAN evidencing stress 
induced orientation in the molecular and SWNT reinforcement levels.  a) Pristine PAN 
filament without stretching;  b) Mechanically drawn PAN filament;  c) SWNT/PAN 
without stretching; and d) Mechanically drawn SWNT/PAN.  The insets in (c and d) 
illustrate random SWNTs and aligned SWNT at the fracture surfaces of the filaments, 
respectively. 
 
 
 
drawing, molecular chain can experience enormous strain.  Upon rupture of the filament 
the strain is released, thus causing splitting and fibrillar formation in fracture vicinity.  
Alignment of SWNT in the direction of loading was also observed at the rupture surface 
of the filament.  This is evident from Figure 87d where SWNT are protruded from the 
fracture surface and are aligned parallel to the fiber axis.  As opposed to stress induced 
alignment, the low tensile properties of the unstretched filaments, both reinforced and 
unreinforced exhibit clean straight fracture surface with no sign of fibrillar formation 
50 µm 
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a 
100 µm 
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(Figure 87a).  For the SWNT/PAN filament without stretching, SWNT are visible at the 
surface but are randomly arranged (Figure 87c).  These findings support the role of 
mechanical drawing in toughening and strengthening the fiber through molecular and 
reinforcement orientations.   
 
 
Carbonization of the Electrospun Nanofibers 
 
 The low temperature heat treatment stabilized the PAN structure rendering it the 
ability to withstand subsequent high temperature treatment without deterioration.  The 
stabilized PAN precursor fibers are converted to carbon fibers through a process called 
carbonization.  Carbonization involves a treatment of the fibers in an inert atmosphere 
under low or very little tension up to 1500°C [39, 190].  During carbonization, all 
elements other than carbon are removed as byproducts and graphite like structure is 
formed.   The conversion process involves two heating zones which are very crucial.  The 
first zone requires a slow heating rate at less than 5 °C/min. up to about 600 °C.  It is 
important to maintain a low heating rate to ensure slow mass transfer during the process. 
A fast heating rate causes fast mass transfer which may lead to surface irregularities in 
the form of pores due to the diffusion of gases [52].  This zone involves most of the 
chemical reactions and the evolution of volatile products.  The evolution of water is due 
to the crosslinking of ladder polymer chains through the oxygen containing groups.  The 
second heating zone is between 600°C - 1500°C, higher heating rate can be used as 
evolution of byproducts and exothermic reactions have already been completed by 600°C 
in zone one.  In the second heating zone, nitrogen and hydrogen cyanide are evolved due 
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to intermolecular crosslinking of the polymer chains, and hydrogen due to 
dehydrogenation.  During crosslinking, the carbon atoms of one cyclized sequence fit in 
to the spaces in the adjacent sequent originally occupied by nitrogen thus forming the 
graphite like structure in the lateral direction. 
 Preliminary heat treatment study was performed on the stabilized PAN and 
SWNT/PAN nanofiber precursors by heating the fibers for 1 hour at ~900°C in a tube 
furnace in an inert atmosphere (argon) to avoid oxidation.  The heat treated fibers were 
then characterized by ESEM, Raman microspectroscopy, and HRTEM to examine the 
morphology of the carbon matrix and the survivability of the SWNT.  
 
ESEM Analysis 
 The 900°C heat treated fibers have irregular surface features in the forms of 
roughness, voids, and fragmentation of the fibers.   For instant, high concentration of 
bubble-like texture on the exterior of the unstretched PAN fibers as shown in Figure 88.  
Internal voids as seen in Figure 88c were also observed in the fibers.  The unstretched 
PAN fiber showed the most non uniformity of all.  This is due to the unstretched 
condition that makes the fibers less stable and less dense, causing faster mass transfer and 
diffusion of gases as compared to the stretched PAN (Figure 89) and SWNT/PAN 
(Figure 90) during the stabilization and the low temperature zone of the carbonization 
process.   
 Unlike the unstretched PAN, the stretched PAN fibers were more uniform, 
straight and no distortion in diameter along the fiber length.  A rough surface with 
numerous large pores was observed (Figure 89b and c).  The pores could be due to the  
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Figure 88.   Surface texture of heat treated (900°C) unstretched PAN nanofibers.  a) and 
b) high fragmentation of the fibers and bubbling surface texture; and c) highly porous 
structure, both internally and externally. 
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Figure 89.   Surface texture of heat treated 40 % stretched PAN nanofibers.  (a and b) 
Fiber alignment in the bundle is retained after 900°C heat treatment; and  c) Rough 
surface texture accompanies by large number of voids. 
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drawing in air that generated air pocket underneath the surface and erupted during the 
heat treatment processes.  Normally, drawing of the fibers are done in super saturated 
[191, 192] steam, boiling water, etc. before stabilization process.  Stretching during 
stabilization can be done by passing exposing the fibers to carboxylic acid, Benzoic acid, 
or DMF.  In this study drawing was done in air and also homopolymer PAN was used. 
The strong dipole-dipole interactions between the nitrile groups prevent high drawing 
ratio and limited molecular orientation, and also induced defects formation.    
 For the partially carbonized SWNT/PAN fibers (Figure 90), the fibers were fused 
together along the length as observed by ESEM.  The fusing of the fibers could be due to 
the exothermic reactions during stabilization.  The presence of the thermally conductive 
SWNT further increased the temperature in the fibers that caused fusing of the fibers.  In 
addition, ESEM revealed SWNT protruded from the ends of many fibers, an indication of 
the survival of SWNT through the high temperature treatment.  However, determination 
of any structural changes in SWNT need further study.  This was carried out by Raman 
microspectroscopy and HRTEM.  
 In summary, the high heating rate damaged the fibers during the heat treatment 
process, giving rise to surface irregularities in all three fiber groups.  The increase in fiber 
diameters after stabilization could be due to improper processing conditions that led to 
swelling (porous structure) of the fibers by rapid evolution of gases.  However, 
significant decreased in fiber diameter were observed after treating at 900°C, a more than 
50% reduction in all cases (Table 15).    
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Figure 90.   ESEM images showing the rough surface texture of the 5 % stretched 
carbonized 1 wt. % SWNT/PAN nanofibers.  (a and b) Show the waviness in the fibrils 
and surface roughness; and d) Porous surface texture and many fibers have SWNT 
protruded from the fracture ends as shown in the inset. 
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Table 15. Diameters of the nanofibers at various post processing stages. 
 
PAN Nanofibers 1 wt. % SWNT/PAN 
Nanofibers 
 No stretched  Stretched 40% No stretched Stretched 5% 
Heat treated 
900°C 
186 ± 55 141 ± 32 _ 167 ± 50 
Stabilized 352 ± 69 345 ± 78 _ 528 ± 167 
As-spun 297 ± 57 486 ± 176 
 
 
Raman Microspectroscopy 
 To confirm the survivability of the SWNT in the nanofibers and the conversion of 
PAN to carbon after heat treating at 900°C Raman microspectroscopy was utilized.  
Shown in Figure 91 are Raman spectra of the heat treated nanofibers.  Both D (disordered 
carbon) and G (ordered carbon) bands were present in the spectra.  The intensities of the 
bands are relatively close to each other with ID/IG ~ 1.4 for the unstretched PAN, 1.4 for 
stretched PAN, and 1.2 for 5% stretched 1 wt. % SWNT/PAN, respectively.  The more 
intense D band suggested a more disordered carbon structure in all fiber samples.  The 
disappearance of RBM peaks (165 – 268 cm-1) in the 1 wt. % SWNT/PAN nanofibers 
could be due to masking of RBM by the matrix or damage of the SWNTs during heat 
treatment.  Therefore, HRTEM was used to further verify the survivability of the SWNTs 
after heat treatment and morphology of the matrix. 
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Figure 91.   Raman spectra of nanofibers heat treated 900°C. (λ = 514.5 nm) 
 
 
HRTEM Analysis 
 Shown in Figures 92 – 94 are HRTEM images of unstretched PAN, stretched 
PAN and SWNT/PAN nanofibers, respectively.  In all three samples the structures 
consist of parallel arrangement of very small graphite layers in wide variety of 
disclination, wrinkled, layer packages and other irregularities [193, 194].  This was more 
pronounced in the unstretched PAN (Figure 92) where defects in the form of pores are 
depicted by red arrows.  Figure 92 (d and e) shows a fiber failed in shear across its 
diameter.  An enlarged image of this region revealed deformed graphite layers spanning 
the two fracture surfaces.  The thick black arrows in Figure 92e show the shearing  
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Figure 92.   HRTEM images of heat treated unstretched PAN nanofibers.  a) Nanofibers 
at low magnification; b) Disorder carbon at fiber fracture surface; c) Disorder carbon 
along fiber edge; d) Nanofiber failed in shear where the fracture ends are displaced; and 
e) Close-up image at the fracture point exposing deformed graphite layers spanning the 
two fracture surfaces.  Red arrows in (b and c) depict layer packages with voids center.  
Thick black arrows in (e) indicate shearing direction of the fracture surfaces.  
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direction across the fiber diameter.  The clean fracture surface exposing wrinkled and 
unoriented graphite layers was due to lack of molecular orientation.    
 In the stretched PAN (Figure 93), the wrinkle, layer packages (bending and 
folding of the stack), and pores were less pronounced.  More straight and parallel layers 
were observed, and the layer stacks were more oriented in the longitudinal direction with 
small inclination (Figure 93b). Such morphology indicates some degree of molecular 
orientation had been achieved during the drawing process.  High magnification image at 
the rupture surface shows graphite layers separated from the stack and protruding out 
from the surface (Figure 93c), indicating toughening of the fiber by mechanical drawing.  
The SWNT/PAN nanofiber on the other hand, possesses a more organized parallel 
arrangement of graphite layers along the side of the nanofiber (Figure 94b).  Although, 
the layers were not perfectly straight but they were highly aligned in the fiber axis.  
Whether this effect is due to the presence of the SWNT that induces orientation requires 
further investigation.  According to the microstructures of the heat treated fibers observed 
through the HRTEM images, a schematic drawing (Figure 95) can be drawn to help in 
better visualizing the three different structures observed. 
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Figure 93.  HRTEM images of heat treated 40 % stretched PAN nanofibers.                     
a) Nanofibers at low magnification; b) Regions along the edge of the fiber showing 
graphite layers orientated in the fiber axis; and c) A close up image of the fracture surface 
in (a) showing the ruptured graphite layers aligning in the fiber direction.  
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 For the SWNT/carbon fiber, it is very difficult to differentiate between the SWNT 
and the graphite layers in the matrix.  The existence of SWNTs is identifiable at the fiber 
fracture surfaces where the tubes were usually sticking out as shown in Figure 94 (c and 
d).  The diameter of the SWNT measured from the HRTEM images in Figure 94 (c and 
d) possesses a diameter of approximately 2.5 nm.  The original SWNT diameter was in 
the range of 0.9 – 1.3 nm (determined from the RBM peaks of the Raman spectra) and 
remained unaffected after electrospinning.  This could be due to the contraction of the 
matrix during heat treatment that collapsed the nanotubes.  The 2.5 nm dimension 
appears in the TEM image in Figure 94c could be the width of the collapsed tube.  This 
provides an explanation for the failure in detecting the RBM in the composite nanofibers 
after treated at 900°C.  Collapsing of SWNTs could be due to excessive heating rate that 
caused rapid evolution of volatile by products and contraction of the matrix during the 
carbonization process.  
 It has been demonstrated in separate study [186] that SWNT survived the 
carbonization process in both microfilaments and electrospun nanofibers.  However, 
broader and weaker RBM peaks intensities were observed and could be due to masking 
of the SWNT by the matrix.  Keeping in mind that the composite nanofibers in this study 
were heat treated using conventional conditions for processing micrometer diameter 
filaments.  As discussed by Johnson, [38] carbonization of smaller diameter fiber requires 
shorter time at lower temperature.  Since the fibers in this study were significantly 
smaller, modification of the heat treatment conditions is necessary to avoid damage to the 
SWNTs and to ensure proper conservation of the PAN matrix.  This initial post treatment 
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study has provided some basic guidelines for future development of post processing 
conditions for nanofibers.    
 
 
 
Figure 94.   HRTEM of carbonized 1 wt. % SWNT/PAN (5 % strain).  a) Carbonized 
SWNT/PAN fiber; b) Oriented graphitic structure along the edge of the fiber; and c) and 
d) Fracture surface of composite nanofiber with protruded SWNT.  
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Figure 95.   Schematic drawing of the three different structures observed in the 
carbonized fibers.  a) Unstretched PAN, no orientation; b) Stretched PAN, a combination 
of ; and c) SWNT/PAN. 
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CHAPTER 6:  ALTERNATE REINFORCEMENT MATERIALS 
 
 
 
The feasibility of co-electrospinning with SWNTs with PAN at various 
reinforcement loadings has been thoroughly demonstrated and characterized.  CNTs are 
available in many different varieties ranging from SWNTs (D ~ 1 nm) of being the 
smallest and most superior in properties among the CNTs, to double-walled carbon 
nanotube (DWNT) which is slightly larger in diameter (OD ~ 1.5 nm) and lower 
properties, to MWNT (D > 5 nm) where mechanical properties depends on the number of 
walls and diameter of the tubes, to vapor grown carbon nanofiber (VGNF) which has 
diameter ranging from several tens to hundreds of nanometers.  SWNTs are the most 
expensive among the nanotubes.  Therefore, it is of important to explore the feasibility of 
co-electrospinning other forms of CNTs with PAN.  This will provide a wide range of 
choices of CNT reinforced fibers with different level of properties to meet a certain 
design and application at a more affordable cost.  The alternative reinforcement materials 
were used at 1 wt. % content and were fabricated and characterized using similar 
techniques used for SWNT/PAN. 
 
6.1 Double Wall Carbon Nanotubes (DWNT) Loaded PAN 
 
Characteristic of As-Received Purified DWNT 
 
 Purified DWNT was provided in powder form by Dr. Emmanuel Flahaut 
(Universite Paul Sabatier, France).  Raman microspectroscopy was performed on the as-
received DWNTs using a laser excitation of 780 nm.  The Raman spectrum of DWNT 
(Figure 96) shares similar features of that possessed by SWNT.  Characteristic peaks in  
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Figure 96.   Raman spectrum of purified DWNT at 780 nm laser excitation. 
 
 
 
 
  
Figure 97.  Raman spectrum of purified DWNT at 632 nm and 514.5nm laser excitations 
(obtained from literature [195-197]). 
 
 
 
the tangential mode at 1553 and 1577 cm-1, and radial breathing mode (RBM) in the 
range of 100 – 300 cm-1 are the signature peaks of DWNT.  The obtained Raman 
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spectrum contains similar peaks as found in literatures (Figure 97) at different laser 
excitations. The RBM strongly depends on the tube diameter therefore the diameter can 
be estimated according to the relationship between RBM frequencies and tube diameter 
for SWNT [118] 
 
   ωR = 224(cm-1 nm)/d   (for SWNT)   
 
 
 
where ωR is the RBM frequencies and d is the tube diameter.  For DWNTs, the intra-tube 
and inter-tubes interactions must be taken into account in the approximation of the tube 
diameter.  These effects were taken into consideration by modifying the equation for 
SWNT [118, 195, 197] as follows   
 
  ωR = 224(cm-1 nm)/d0.93  (for DWNT, outer tube diameter) (13)  
 
 
Using a graphite {002} spacing of 0.34 nm as a reference, the inner tube diameter can be 
determined by subtracting the graphite spacing from the outer tube diameter [195-197].   
From the obtained Raman spectrum and applying Equation (13), the DWNTs diameters 
were estimated to be 0.73 – 1.51 nm outer diameter and 0.39 – 1.17 nm inner diameter, 
respectively. These values are listed in Table 16. 
 
Table 16.   Estimated outer and inner diameters DWNT. 
 
RBM (cm-1) Outer Diameter (nm) Inner Diameter (nm) 
302 0.73 0.39 
259 0.86 0.52 
200 1.13 0.79 
153 1.51 1.17 
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Dispersion of DWNT 
 
Spinning dopes consisting of 1 wt. % and 5 wt. % DWNT/PVP/PAN was 
prepared according to Method IV.  Electrospinning (random and aligned) and 
characterization of the fibers were performed in similar fashion as SWNT/PAN. 
 Shown in Figure 98a are ESEM images of the as-received purified DWNT.  It can 
be seen that nanotubes are in large clusters with extremely high entanglement.  It also 
observed that the nanotubes were held together by a binder.  This could be residual 
 
 
  
Figure 98.   ESEM images of DWNT.  a) As-received; b) 1 wt. % DWNT (relative to 
polymer) after dispersed in DMF; c) 5 wt. % DWNT (relative to polymer) after dispersed 
in DMF; and d) 5 wt. % DWNT (relative to polymer) after dispersed in DMF and 
wrapped with PVP. 
 
b
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impurity from the purification process.  Shown in Figure 100b are ESEM images of 
DWNT dispersed in DMF.  It can be seen that the bundles start to disentangle.  After 
wrapping with PVP, the DWNT bundles appeared to be straight and loosely packed as 
compared to the previous stage and significantly less entangled than the as received stage.  
As the content of the DWNT increases to 5 wt. %, the difference between with PVP and 
without PVP is not distinguishable as shown in Figure 98 (c and d).  This is mainly due to 
limited volume of solvent available for the DWNT to disperse during the process. 
 
 
Electrospun DWNT/PAN Composite Nanofibers 
 
 Composite nanofibers containing 1 and 5 wt. % DWNT were electrospun and 
characterized by various techniques.   Figure 99 displays the morphology of 1 wt. % and 
5 wt. % DWNT-loaded PAN nanofibers (Figure 99a), the fibers were uniform with the 1 
wt. % but there were more beads with 5 wt. % (Figure 99a). A close examination  
 
 
Figure 99.   Electrospun DWNT-loaded nanofibers.  a) 1 wt. % DWNT/PAN; b) 5 wt. % 
SWNT/PAN. 
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revealed that these are not all beads arose from electrospinning but rather aggregates of 
DWNT as previously shown in the inset of Figure 99b or possibly un-dissolved polymer.  
Since Method IV dispersion and spinning dope preparation was employed, the increase in 
DWNT content to 5 wt. % resulted in a viscous suspension and reduced the degree of 
disentanglement of the DWNT ropes during the dispersion process.  The high content of 
DWNT dramatically changes the physical, rheology properties, and electrical 
conductivity of the solution that in turn affects the spinnability.  Given that the polymer 
concentration has been reduced to accommodate for the increase in viscosity upon the 
addition of DWNT, the solution mixture appeared viscous and spinnability was 
noticeably reduced. Breaking down of the polymer jet occurred more readily during the 
spinning process and the spinning behaves more like a low viscosity solution. The 
accumulated fibers when examined under the ESEM appeared less uniform and contain 
high volume of beads (most likely DWNT aggregates) as compared to the lower DWNT 
content.  Aside from less uniformity, large distribution in fiber diameters was also 
observed.  A range of diameter from 177 nm –  805 nm (447 ± 151 nm average diameter) 
was obtained for 1 wt. % DWNT/PAN, and 68 nm – 402 nm (212 ± 80 nm average 
diameter) for 5 wt. % DWNT/PAN, respectively.  It should be noticed that the difference 
in fiber diameters between the two loadings of DWNT is due to several factors including 
reduction in polymer concentration, non homogeneous mixing, as well as changes in the 
properties of the spinning dope with higher wt. % of DWNT.  Method V dispersion 
would facilitate the disentanglement of the DWNT and homogenously dissolve the 
polymer thus, alleviating these problems. 
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 The incorporation of DWNT in the fibers was confirmed by Raman 
microspectroscopy through characteristic peaks in the tangential (TM) and radial 
breathing modes (RBM).  The spectra of purified DWNT and as-spun 1 wt. % 
DWNT/PAN are provided in Figure 100.  As-received DWNT had RBM with 
characteristic peaks ranging from 153 cm-1 – 259 cm-1.  In the DWNT/PAN nanofiber, 
shifting of the peaks in the tangential and radial breathing modes and change in peak 
intensities were observed.  Up to 8 cm-1 up-shift in frequency in the RBM and 9 – 13 cm-1 
in the RBM were observed in the composite nanofiber.  These up-shifts in wavenumber 
correspond to the interaction between tubes and tube-polymer, and compressive force 
exerted on the nanotubes by matrix contraction as explained in the previous chapter.   
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Figure 100.   Raman spectra of DWNT and as-spun 1 wt. % DWNT/PAN nanofibers.    
(λ = 780nm) 
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 HRTEM also verified the incorporation of DWNT in the fibers and local 
alignment in the fiber axis.  Crazing mechanism was also observed in this case where the 
frequency of the crazing, as shown in Figure 101(a), varies.  Displayed in Figure 101b is 
an image of an elongated bead found along the fiber showing high orientation of DWNT 
in the elongated direction (downstream).  Figure 101c is a section of fiber in front of this 
elongated bead illustrating high DWNT ropes alignment.  This evidence supports one of 
the three mechanisms of orientation induced during co-electrospinning, shear flow 
induced alignment.  The effect seen here may be due to a combined effect arising from 
the shear flow of the polymer solution and stretching of the polymer jet that induces 
orientation of the DWNT in the direction of flow and electric field.  
 The mechanical properties of the aligned 1 wt. % DWNT/PAN nanofibers yarn 
were also evaluated under similar condition as used in testing the SWNT/PAN.  It was 
found that the average elastic modulus of the composite nanofibers is approximately 0.66 
± 0.52 GPa and average breaking strength of 18.6 ± 1.9 MPa, respectively.  The reported 
elastic modulus and breaking strength were averages from 5 specimens.  The variation in 
results between samples was extremely large, indicating that the specimens were highly 
non uniform.   Inhomogenous distribution, misalignment of DWNT and fibrils might be 
responsible for this wide variation in properties.  A range of values from 0.34 – 1.6 GPa 
were obtained for elastic modulus.  Higher values of elastic modulus can be achieved 
provided the uniformity is obtained in the fiber tows. 
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Figure 101.   TEM images of 5 wt. % DWNT/PAN electrospun nanofibers.  a) Crazing 
along the fiber length; b) Image showing an elongated beads along the fiber length where 
the DWNT oriented downstream; and c) DWNT ropes oriented along the fiber axis. 
 
6.2 Vapor Grown Carbon Nanofibers (VGNF) Loaded PAN 
 
 The feasibility of co-electrospinning vapor grown carbon nanofibers and PAN 
were also investigated in this study.  VGNF with diameter in the range of 70 – 200 nm 
were utilized.  Solution preparation and electrospinning followed the same procedures 
used for the SWNTs.  1 wt. % VGNF were co-electrospun with PAN in both random 
fiber mats and aligned fibers assemblies.  Figure 102 are ESEM images of the as-received 
VGNF (image a) showing high entanglement.  After stirring for 24 hours and sonicating 
for 3 hours the VGNF became less entangle as seen in image (b).  There was no  
10 nm 
c 
10 nm 
b
100 nm 
a 
   
  198
 
  
 
 
Figure 102.   ESEM images of  a) as-received VGNF;  and b)  dispersed in DMF. 
 
 
 
 
significant difference before and after the addition of PVP at which stage the tube are 
well dispersed, maybe, to individual tube as shown in the inset of Figure 102(b).   It is 
recognized that the larger diameter of VGNF provides a lesser degree of difficulty in 
dispersion due to lower van der Waals attraction between tubes (higher surface defects).  
Better dispersion results in better distribution of VGNFs within a fiber and among the 
fibers.  This is proven by the higher mechanical properties obtained for the 1 wt. % 
VGNF/PAN (E = 1.03 ± 0.27 GPa and σ = 46.5 ± 6.7 GPa) as compared to other 
CNT/PAN aligned nanofibers containing 1 wt. % reinforcement (SWNT and DWNT).  
The contributing factors to better mechanical properties in VGNF/PAN are: 1) uniform 
reinforcement promotes better load transferring; 2) minimizes slippage between tubes 
since they are individually dispersed; and 3) VGNFs have more surface defects that 
provide better mechanical bonding between tube and matrix.  The tensile properties of 
PAN nanofibers reinforced with different types of CNT are summarized in Table 17. 
 The electrospun fibers have diameter in the range of 279 – 749 nm with average 
diameter of 460 ± 103 nm, in both the aligned (Figure 103a) and random fiber (Figure  
5 µm 5 µm 
ba 
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Table 17.   Summary of the tensile properties of composite nanofibers reinforced with 
various types of CNT. 
 
 
Sample 
Elastic 
Modulus 
(GPa) 
Breaking 
Strength 
(MPa) 
Breaking 
Elongation 
(%) 
Aligned pristine 
PAN  
1.2 ± 0.24 69 ± 4 34 ± 5  
Random pristine 
PAN  
0.24 ± 0.08 8.9 ± 1.7  19 ± 3  
Aligned 1 wt. % 
SWNT/PAN 
0.70 ± 0.11 30.2 ± 2.7 15.5 ± 2 
Random 1 wt. % 
SWNT/PAN 
0.65 ± 0.12 19.4 ± 5.3 8.5 ± 3 
Aligned 1 wt. % 
DWNT/PAN 
0.66 ± 0.52 18.6 ± 1.9 14.8 ± 6 
Aligned 1 wt. % 
MWNT/PAN 
0.40 ± 0.03 34 ± 0.5 30 ± 3 
Aligned 1 wt. % 
VGNF/PAN 
1.03 ± 0.27 46.5 ± 6.7 24 ± 0.7 
 
 
 
  
Figure 103.   ESEM images of as-spun 1 wt. % VGNF-loaded PAN nanofibers.              
a)  Aligned VGNF/PAN nanofibers; and b)  Random VGNF/PAN nanofibers. 
 
 
 
103b) assemblies.  Despite a large distribution in fiber diameter, relatively uniform and 
bead free fibers were produced.  The incorporation of VGNF in the electrospun 
nanofibers was verified by both Raman microspectroscopy and HRTEM.  The Raman 
50 µm 
a 
5 µm 
b
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characteristic peaks of VGNF (Figure 104) are represented by an intense disorder carbon 
(D band) peak at ~ 1380 cm-1 and a much lower intensity graphite peak (G band) at ~ 
1580 cm-1, respectively.  HRTEM also revealed the embedment of VGNF inside the 
electrospun nanofiber.  The VGNFs were found embedded parallel to the fiber axis, and 
example is shown in Figure 105.  The dark round spots are residual catalyst particle from 
the growing of the VGNFs.  This is because of diameter confinement induced alignment 
of the reinforcement due to the large aspect ratio. 
It has been demonstrated in this study composite nanofiber consisting of a variety 
of nanofillers such as different diameter CNTs can be co-electrospun and characterized 
using the same methods developed for SWNT/PAN. 
 
 
2000 1800 1600 1400 1200 1000 800 600 400 200 
Raman Shift (cm-1)
R
am
an
 In
te
ns
ity
 (A
rb
. U
ni
t)
As-received VGNF
1 wt. % VGNF/PAN
R
am
an
 In
te
ns
ity
 (A
rb
. U
ni
t)
R
am
an
 In
te
ns
ity
 (A
rb
. U
ni
t)
 
 
Figure 104.   Raman Spectra of as-received VGNF and 1 wt. % VGNF/PAN electrospun 
nanofiber.  (λ =  780 nm) 
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Figure 105.  HRTEM images of electrospun 1 wt. % VGNF/PAN nanofibers.  a) A 
VGNF is embedded in the nanofiber; and b) The end of the VGNF protruded out the side 
of the fiber.  
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CHAPTER 7:  CONCLUSIONS 
 
 
 
 
The development of SWNT reinforced carbon nanofiber in this study was performed in 
two tasks: 
Task I:  Process optimization and modification to allow the fabrication of nanofibers in 
various configurations including random, long aligned discrete (LAD), and self-
assembled continuous yarn electrospinning system (CYES).  Demonstrated the feasibility 
in co-electrospinning of high SWNT loading up to 10 wt. % 
Task II:  Developed protocol for various characterization techniques for characterizing 
the electrospun fibers at various stages to support the optimization of the design, 
processing, and manufacture of CNT/PAN composite nanofibers.   
It has been successfully demonstrated that nanofibers, unreinforced and reinforced 
with different types of CNTs can be produced in a range of diameters by varying the 
polymer concentration in the solution and the electrospinning parameters.  Up to 10 wt. 
% SWNT-loaded PAN nanofibers having diameter ranging from 40 – 300 nm has been 
successfully electrospun.  The incorporation of SWNT in the nanofibers was confirmed 
by both Raman microspectroscopy and HRTEM.  After continuing improvement of the 
dispersion process, SWNT were detected by HRTEM in the lowest concentration, as well 
as in higher concentrations.  The significant role of PVP wrapping assists in preventing 
smaller SWNT ropes from reagglomerating into large bundles that reduce the ability of 
incorporating the SWNT in the nanofibers.  Furthermore, the used of excess volume of 
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dispersing medium is essential in lowering the van der Waals attraction between tubes, 
leading to more uniform dispersion and small diameter SWNT ropes (~10 nm). 
Three levels of alignments:  molecular, reinforcement, and fibers have been 
achieved.  Alignment of the SWNT in the fiber axis occurs during electrospinning 
through three mechanisms:    
1)  Shear flow induced alignment – “logs in the river analogy”.   
2)  Electrostatic charge induced alignment – molecular and SWNTs orientations 
due to the presence of a large electric field.  
3) Diameter confinement induced alignment – nanoscale fiber diameter forces 
the SWNT bundles to orient along the length of the fiber. 
 The first two mechanisms occur simultaneously as the SWNT are aligned in the 
flow direction due to shear.  The presence of the electrostatic charge causes stretching of 
the polymer jet, hence further induced SWNTs and molecular orientations in the flow 
direction and applied electrostatic force.  Due to the high aspect ratio of the 
reinforcement material (L/D)SWNT > Dnanofiber the nanotube are forced to orient along the 
fiber axis.  Local alignment of SWNT in the nanofibers was qualitatively confirmed by 
HRTEM.  Polarized Raman microscopy also confirmed that SWNT are highly oriented in 
the fiber axis.   
Alignment in the molecular, nanotube and fibril levels are critical in strengthening 
and toughening the fibers.  This effect has been demonstrated through the mechanical 
testing of random nanofiber mats and aligned nanofiber yarns.  Significant increase (six-
fold) in tensile strength and modulus were observed in the pristine PAN aligned 
nanofibers assembly.  Whereas, in the 1 wt. % SWNT-loaded PAN the tensile strength 
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and modulus were double in the random fiber mats.  As the concentration of SWNT 
increases, further increase in properties was not realized.  Indicating the reinforcement 
effect of SWNT in the composite nanofibers has not been fully realized and should be 
explored further.  This is also due to dispersion and interfacial bonding issues that can be 
optimized in the future.  The latest excess volume dispersion technique possibly resolves 
these issues. 
Based on the failure mechanisms observed by HRTEM, it was found that the 
nanofibers failed in a similar fashion as the “crazing” mechanism seen in macroscale 
polymeric materials.  The existence of SWNT hinders crazing extension and SWNT pull-
out toughens the polymer since extra energy is consumed during this mechanism.  It is 
noted that the protruded SWNTs have relatively clean surface, indicating poor interfacial 
bonding.  The poor SWNT/matrix interface may be responsible for the lower mechanical 
properties of the as-spun aligned composite nanofiber as compared to the aligned pristine 
PAN.    
Proper post treatment such as mechanical drawing further induced molecular, 
SWNT and fibril alignments.  This was demonstrated in the fibers heat treated at 900°C, 
unstretched and stretched prior to heat treatment.  The 40% drawn PAN fibers exhibit 
straight graphite layers oriented almost parallel to the fiber axis whereas in the 
unstretched PAN fiber, a highly disorder carbon structure is observed.  The important 
heat treatment conditions have also been demonstrated.  High heating rate (> 5° C/min) 
generates defects in the carbon matrix both internally and externally in the form of pores.  
A complete disappearance of the RBM on the Raman spectrum and enlargement of the 
tube diameter was observed by HRTEM.  The diameters of pristine SWNTs were in the 
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range of 0.9 -1.3 nm, after heat treatment the diameter is approximately 2.5 nm.  This 
indicates that the tubes might be collapsed during carbonization due to contraction of the 
carbon matrix.  Close monitoring of the heat treating conditions is important in order to 
avoid damage to the nanofibers and SWNTs during heat treatment. 
Significant amount of effort has been devoted in this study in optimizing the 
dispersion and electrospinning process for producing nanoscale diameter fibers with high 
SWNT contents.  The study conducted in this program established the foundation for the 
future production of CNT reinforced nanofibril yarns.  Our initial results show that this 
nanocomposite nanofibers technology can be expanded to other reinforcement forms 
(DWNT, MWNT, VGNF, etc.).  The encouraging results from this study provide a 
promising pathway in future development of the next generation of super carbon fibers.   
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FUTURE WORK 
 
 
 
 In this study, a new dispersion technique that provided significant improvement in 
the disentanglement of SWNT has been developed.  Aligned fibers have been produced 
and characterized and validated.  The following tasks are recommended for continuing 
development of CNT reinforced carbon fibrils: 
1. Quantification of the alignment and dispersion of SWNT. 
2. Mechanical drawing of aligned nanofibers. 
3. Spinning dope rheology control by varying temperature during electrospinning. 
4. Evaluation of the mechanical properties of a single nanofiber. 
5. Evaluation of the mechanical properties of the impregnated composite nanofibrils.  
6. Study the interfacial bonding between the SWNT and the matrix. 
7. Scale-up continuous aligned nanofibril yarn process for carbonization. 
8. Explore and demonstrate multifunctional applications of SWNT/carbon 
nanocomposites nanofibers 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
  207
 
  
LIST OF REFERENCES 
 
 
 
1. www.matweb.com. 
 
2. Ashbee, K.H.G., Fundamental Principles of Fiber Reinforced Composites. 2nd 
ed. 1993, Lancaster: Technomic. 
 
3. Fitzer, E., and Heine, M., Carbon Fiber Manufacture and Surface Treatment. 
Composite Materials Series:  Fibre Reinforcements for Composite Materials, ed. 
A.R. Bunsell. Vol. 2. 1988, New York: Elsevier. 
 
4. Iijima, S., Helical Microtubules of Graphitic Carbon. Nature, 1991. 354: p. 56-
58. 
 
5. Harris, P.J.F., Carbon Nanotubes and Related Structure: New Materials for the 
Twenty-First Century. 1999, New York: Cambridge University Press. 
 
6. Saito, R., Dresselhaus, G., and Dresselhaus, M. S., Physical Properties of Carbon 
Nanotubes. 1998, London: Imperial College Press. 
 
7. Baughman, R.H., Zakhidov, A. A., and de Heer, W. A., Carbon Nanotubes - The 
Route Toward Applications. Science, 2002. 297: p. 787-792. 
 
8. Bhattacharyya, A.R., Sreekumar, T. V.,  Liu, T., Kumar, S., Ericson, L. M., 
Hauge, H., Smalley, R. E., Crystallization and Orientation Studies in 
Polypropylene/Single Wall Carbon Nanotube Composite. Polymer, 2003. 44: p. 
2373-2377. 
 
9. Kumar, S., Dang, T. D., Arnold, F. E., Bhattacharyya, A. R., Min, B. G., Zhang, 
X., Vaia, R. A., Park, C. Adams, W. W., Hauge, R. H., Smalley, R. E., Ramesh, 
S., and Willis, P. A., Synthesis, Structure, and Properties of PBO/SWNT 
Composites. Macromolecules, 2002. 35: p. 9039-9043. 
 
10. Kumar, S., Doshi, H., Srinivasarao, M., Park, J. O., and Schiraldi, D. A., Fibers 
from Polypropylene/Nano Carbon fiber Composites. Polymer, 2002. 43: p. 1701-
1703. 
 
11. Kumar, S.a.L., T., Effect of Orientation on the Modulus of SWNT Films and 
Fibers. Nano Lett., 2003. 3(5): p. 647-650. 
 
12. Li, Y.L., Kinloch, I.A. and Windle, A.H, Direct Spinning of Carbon Nanotubes 
from Chemical Vapor Deposition Synthesis. Science, Advance online publication, 
2004. 304(5668): p. 276-278. 
   
  208
 
  
13. Sreekumar, T.V., Liu, T., Kumar, S., Ericson, L. M., Hauge, R.,  and Smalley, R. 
E., Single-Wall Carbon Nanotubes Films. Chem. Mater., 2003. 15: p. 175-178. 
 
14. Sreekumar, T.V., Liu, T., Min, G. B., Guo, H., Kumar, S., Hauge, R. H., and 
Smalley, R. E., Polyacrylonitrile Single-Walled Carbon Nanotube Composite 
Fibers. Adv. Mater., 2004. 16(1): p. 58-61. 
 
15. Vigolo, B., Penicaud, A., Coulon, C., Sauder, C., Pailler, R., Journet, C., Bernier, 
P., Poulin, P., Macroscopic Fibers and Ribbons of Oriented Carbon Nanotubes. 
Science, 2000. 290: p. 1331-1334. 
 
16. Formhals, A., US Patent No.  1,975,504. 1934. 
 
17. Fitzer, E., and Manocha, L. M., Carbon Reinforcement and Carbon/Carbon 
Composites. 1998, New York: Springer. 342. 
 
18. Bahl, O.P., Shen, Z., Lavin, J. G., and Ross, R. A., Manufacture of Carbon 
Fibers. 3rd ed. Carbon Fibers, ed. W. Donnet J.-B., T. K., Rebouillat, S., and 
Peng, J. C. M. 1998, New York: Marcel Dekker. 
 
19. Fitzer, E., Carbon Fibers - Present State and Future Expectations. Carbon Fibers 
Filaments and Composites, ed. J.L. Figueriedo, Bernardo, C. A., Baker, R. T. K., 
and Huttinger, K. J. Vol. Series C: Applied Sciences - Vol. 177. 1989, Boston: 
Kluwer Academic Publishers. 
 
20. Bacon, R., An Introduction to Carbon/Graphite Fibers. High Temperature 
Resistant Fibers from Organic Polymers, ed. J. Preston. 1969, New York: 
Interscience Publishers. 
 
21. Edison, T.A., U. S. Patent 223,398. 1880. 
 
22. Swan, J.W., British Patent 4933. 1880. 
 
23. Bacon, R., and Hoses, T. N., High Performance Polymers, Their Origin and 
Development, ed. R.B. Sanymour, and Kirshambaum, G. S. 1986, New York: 
Elsemer. 
 
24. Winter, L.L. 1944-45, Union Carbide Corporation National Carbon Research 
Laboratories, Biweekly Reports. 
 
25. Hautz, R.C., Textile Res. J., 1950. 20: p. 786. 
 
26. Delmonte, J., Technology of Carbon and Graphite Composites. 1981, New York: 
Van Nostrand Reinhold. 
   
  209
 
  
27. Fitzer, E. Carbon Fibres - Present State and Future Expectations. in Proceedings 
of the NATO Advanced Study Institute on Carbon Fibers and Filaments. 1989. 
Alvor, Portugal: Kluwer Academic Publishers. 
 
28. Fitzer, E., and Manocha, L. M., Carbon Reinforcements and Carbon/Carbon 
Composites. 1998, New York: Springer. 
 
29. Bacon, R., Carbon Fibers from Rayon Precursors. Chemistry and Physics of 
Carbon, ed. P.L. Walker. Vol. 9. 1973, Thrower, PA: Marcel-Dekker. 
 
30. Shindo, A., Studies on Graphite Fiber. 1961, Gov't Ind. Res. Inst. rept. No. 317: 
Osaka. 
 
31. Gill, R.M., Carbon Fibres in Composite Materials. 1972, London: Butterworth & 
Co. Ltd. 
 
32. Watt, W., et al, The Engineer, 1966. 221: p. 851. 
 
33. Watt, W., and Johnson, W., High Temperature Resistant Fibers form Organic 
Polymers. Appl. Polymer Symp. 9, ed. J. Preston. 1969. 229-243. 
 
34. Gordon, J.E., The New Science of Strong Materials or Why You Don't Fall 
through the Floor. 1988, Princeton: Princeton University Press. 
 
35. Griffith, A.A., The Phenomena of Rupture and Flow in Solids. Phil. Trans. Roy. 
Soc., 1921. 221: p. 163-198. 
 
36. Watt, W., Moreton, R., and Johnson, D. J., Nature, 1967. 22: p. 690. 
 
37. Jones, J.B., Barr, J. B., and Smith, RE, J Mater Sci, 1980. 15: p. 2445. 
 
38. Johnson, D.J., J. Phys. D: Appl. Phys., 1987. 20(3): p. 286. 
 
39. Donnet, J.B., and Bahl, O. P., Encyclopedia of Physical Science an Technology. 
Vol. 2, 517. 1987. 
 
40. Guyot, A., Bert, M., Hamoudi, A., McNeil, I., and Grassie, N., Eur. Poly J., 1978. 
14: p. 101. 
 
41. Bajaj, P., and Padmanabam, M., Eur. Poly J., 1985. 21(1): p. 93. 
 
42. Gupta, D.C., Agrawal, J. P., and Sharma, R. C., J. Appl. Poly. Sci, 1989. 38: p. 
265. 
 
   
  210
 
  
43. Pierson, H.O., Handbook of Carbon, Graphite, Diamond and Fullerenes. 
Properties, Processing and Applications. 1993, Park Ridge, NJ: Noyes 
Publications. 
 
44. Watt, W., Chemistry and Physics of the Conversion of Polyacrylonitrile Fibres 
into High-Modulus Carbon Fibres. Handbook of Composites: Strong Fibres, ed. 
A. Kelly, and Rabotnov, Y. N. Vol. 1. 1985, New York: North-Holland. 
 
45. Asashi Chemical Industries Co. Ltd., Japan Kokai Tokyo Koho, 60,94,215. 1985. 
 
46. Mitsubishi Rayon Co. Ltd., Japan Kokai Tokyo Koho, 62,268,812. 1987. 
 
47. Mitsubishi Rayon Co. Ltd., Japan Kokai Tokyo Koho, 62,268,810. 1987. 
 
48. Grove, D., Desai, P., and Abhiraman, A. S., Carbon, 1988. 26(6): p. 403. 
 
49. Moreton, a.W., Carbon, 1974. 12: p. 543. 
 
50. Mathur, R.B., Bahl, O. P., Matta, V. K., and Nagpal, K. C., Carbon, 1988. 3: p. 
295. 
 
51. Watt, W., and Johnson, W. Carbon fibers from 3 denier polyacrylonitrile textile 
fibers. in Proc. of the 3rd Conference on Industrial Carbons and Graphite (Soc. 
Chem. Ind.). 1970. London. 
 
52. Fitzer, E., Frohs, W., and Heins, M., Carbon, 1986. 24(4): p. 387. 
 
53. Riggs, D.M., Shuford, R. J., and Lewis, R. W. Handbook of Composites, ed. G. 
Lubin. 1982, New York: Van Nostrand Reinhold Co. 
 
54. Hulteen, J.C., and Martin, C. R., A General Template-Based Method for the 
Preparation of Nanomaterials. J. Mater. Chem., 1997. 7(7): p. 1075-1087. 
 
55. Hongu, T., and  Phillips, G. O., New Fibers. 1997. 
 
56. Taylor, G. Electrically Driven Jets. in Proc. Roy. Soc., A313. 1969. London. 
 
57. Lyons, J., and Ko, F. F., Nanofibers. Encyclopedia of Nanoscience and 
Nanotechnology, ed. H.S. Nalwa. Vol. 6. 2004: American Scientific Publishers. 
 
58. Hendricks, C.D., Carson, R. S., Hogan, J. J., and Schneider, J. M., AIAA J., 1964. 
2(4): p. 733-737. 
 
   
  211
 
  
59. Buchko, C.J., Chen, L. C., Shen, Y., and Martin, D. C., Processing and 
Microstructural Characterization of Porous Biocompatible Protein Polymer Thin 
Films. Polymer, 1999. 40: p. 7397-7407. 
 
60. Baumgarten, T.K., Electrostatic Spinning of Acrylic Microfibers. Journal of 
Colloid and Interface Science, 1971. 36(1): p. 71-79. 
 
61. Larrondo, L., and Manley, R. St. John, Electrostatic Fiber Spinning from Polymer 
Melts.  I.  Experimental Observations on Fiber Formation and Properties. J. 
Polym. Sci., 1981. 19: p. 909. 
 
62. Hayati, I., Bailey, A. I., and Tadros, Th. F., Mechanism of Stable Jet Formation in 
electrohydrodynamic atomization. Nature, 1986. 319: p. 41. 
 
63. Hayati, I., Bailey, A. I., and Tadros, Th. F., J. Colloid Interface Sci, 1987. 117: p. 
205. 
 
64. Smith, D.P.H., Electrohydrodynamic Atomization of Liquids. IEEE Transactions 
on Industry Application, 1986. IA-22(3). 
 
65. Srinivasan, G., and Reneker, D., Structure and Morphology of Small Diameter 
Electrospun Aramid Fibers. Polymer International, 1995. 36: p. 195-201. 
 
66. Doshi, J., and Reneker, D. H., Electrospinning Process and Applications of 
Electrospun Fibers. Journal of Electrostatics, 1995. 35: p. 151-160. 
 
67. Sachiko, S., Gandhi, M., Ayutsede, J., Micklus, M., and Ko,  F., Polymer, 2003. 
44: p. 5721-5727. 
 
68. Han, B., Chandari, K., Ko, F. K., and MacDiarmid, A., Unpublished data. 
 
69. Berry, G.C., Thermodynamic and Conformational Properties of Polystyrene.  II. 
Intrinsic Viscosity Studies on Dilute Solutions of Linear Polystyrene. J. Chem. 
Phys., 1966. 44(4550): p. 1338-1351. 
 
70. Berry, G.C., Nakayasu, H., and Fox, T. G., Polym. Phys. Edn., 1979. 17: p. 1825. 
 
71. Hager, B.L., and Berry, G. C., Moderately Concentrated Solutions of Polystyrene.  
I. Viscosity as a Function of Concentration, Temperature, and Molecular Weight. 
Journal of Polymer Science: Polymer Physics Edition, 1982. 20: p. 911-928. 
 
72. Ko, F.K., El-Aufy, A., Lam, H., and MacDiarmid, A. G., Electrostatically 
Generated Nanofibers for Wearable Electronics. Wearable Electronics and 
Photonics, ed. X. Tao. Book Chapter to be Published toward the end of 2004, 
London: Woodhead Publishing. 
   
  212
 
  
73. Deitzel, J.M., Kleinmeyer, J., Harris, D., and N. C. Beck Tan, The Effect of 
Processing Variables on the Morphology of Electrospun Nanofibers and Textiles. 
Polymer, 2001. 42: p. 261-272. 
 
74. Deitzel, J.M., Kosik, W., McKnight, S. H.,  Tan, N. C. B., DeSimmone, J. M., and 
Crette, S., Polym., 2002. 43: p. 1025. 
 
75. Ko, F.K., Khan, S., Ali, A., Gogotsi, Y., Naguib, N., Yang, G., and Li, C. 
Structure and Properties of Carbon Nanotube Reinforced Nanocomposites. in The 
American Institute of Aeronautics and Astronautics. 2002. Palmspring, CA. 
 
76. Ali, A., Carbon Nanotube Reinforced Carbon Nano Composite Fibrils by 
Electrospinning, in Materials Engineering. 2002, Drexel University: Philadelphia. 
 
77. Ehrburger, P. Surface Properties of Carbon. in Proceedings of the NATO 
Advanced Study Institute on Carbon Fibers and Filaments. 1986. Alvor, Portugal: 
Kluwer Acedamic Publishers. 
 
78. Ko, F., Biomaterials II, Class Lecture Notes. 2004, 
http://www.materials.drexel.edu/fml/Classes/Mate495.htm. 
 
79. Petit, P., and Loiseau, A., Carbon Nanotubes: from Science to Applications. C. R. 
Physique, 2003. 4(9): p. 967-974. 
 
80. Iijima, S., and Ichihashi, Single-Shell Carbon nanotubes of 1-nm Diameter. 
Nature, 1993. 363: p. 603. 
 
81. Holister, P., Nanotubes    White Paper. 2003, www.cmp-cientifica.com    CMP 
Cientifica. 
 
82. Brown, T.L.L., Bursten, B. E., and Lemay, H. E., Chemistry: The Central 
Science. 8th ed. 1999: Prentice-Hall. 
 
83. Terrones, M., Science and Technology of the Twenty-First Century: Synthesis, 
Properties, and applications of Carbon Nanotubes. Ann. Rev. Mater. Res., 2003. 
33: p. 419-501. 
 
84. Rouff, R.S., Qian, D., and Liu, W. K., Mechanical properties of Carbon 
Nanotubes: Theoretical predictions and Experimental Measurements. C. R. 
Physique, 2003. 4(9): p. 993-1008. 
 
85. Salvetat-Delmonte, J., and Rubio A., Mechanical Properties of Carbon 
Nanotubes: A Fiber Digest for Beginners. Carbon, 2002. 40: p. 1729-1734. 
 
86. Yakobson, B.I., and Bernhold, B. I., Phys. Rev. B, 1998. 57: p. 4277. 
   
  213
 
  
87. Yakobson, B.I., et al., Comput. Mater. Sci., 1997. 8: p. 341. 
 
88. Zhang, P., Lammert, P. E., and Crespi, V. H., Phys. Rev. Lett., 1998. 81: p. 5346. 
 
89. Nardelli, M.B., Yakobson, B. I., and Bernhold, J., Phys. Rev. Lett., 1998. 81: p. 
4656. 
 
90. Yu, M.-F., Files, B. S., Arepalli, S., and Rouff, R. S., Phys. Rev. B, 2000. 84: p. 
5552. 
 
91. Walters, D.A.e.a., Appl. Phys. Lett., 1999. 74: p. 3803. 
 
92. Wong, E.W., Sheehan, P. E., and Lieber, C. M., Nanobeam mechanics: Elasticity, 
Strength and Toughness of Nanorods and Ananotubes. Science, 1997. 277: p. 
1971-5. 
 
93. Yumura, M., Carbon Nanotubes, Materials for Nanotechnology. J. of Japanese 
Trade and Industy, 2001. 
 
94. Yakobson, B.I., Brabec, C. J., and Bernhold, B. I., Nanomechanics of carbon 
tubes: Instabilities beyond linear response. Phys. Rev. Lett., 1996. 76: p. 2511-4. 
 
95. Zhou, G., Duan, W. H., Gu, B. L., First-principles study on morphology and 
mechanical properties of single-walled carbon nanotube. Chem. Phys. Lett., 
2001. 333: p. 344-9. 
 
96. Lu, J.P., Elastic properties of single and multi-layered nanotubes. J. Phys. Chem. 
Solids, 1997. 58(11): p. 1649-52. 
 
97. Tu, Z.C., and Ou-yang, Z. C., Single-walled and multiwalled carbon nanotubes 
viewed as elastic tubes with the effective Young's moduli dependent on layer 
number. Phys. Rev. B, 2002. 65: p. 233-407. 
 
98. Chang, T.C., and Gao, H. J., Size-dependent elastic properties of a single-walled 
carbon nanotube via a molecular mechanics model. J. Mech. Phys. Solid, 2003. 
51: p. 1059-74. 
 
99. Krishnan, A., Dujardin, E. Ebbesen, T. W., Yianilos, P. N., and Treacy, M. M. J., 
Young's Modulus of single-walled nanotubes. Phys. Rev. B, 1998. 58(20): p. 
14013-9. 
 
100. Li, C.Y., and Chou, T. W., Elastic moduli of multi-walled carbon nanotubes and 
the effect of van der Waals forces. Compos. Sci. & Tech., 2003. 63(11): p. 1517-
24. 
   
  214
 
  
101. Li, F., Cheng, H. M., Bai, S., Su, G., and Dresselhaus, M. S., Tensile strength of 
single-walled carbon nanotubes directly measured from their macroscopic ropes. 
Appl. Phys. Lett., 2000. 77(20): p. 3161-3. 
 
102. Demczyk, B.G., Wang, Y. M., Cumings, J., Hetman, M., Han, W., Zettle, A., and 
Ritchie, R. O., Direct mechanical measurement of the tensile strength and elastic 
modulus of multiwalled carbon nanotubes. Mater. Sci. Eng., 2002. A334: p. 173-
178. 
 
103. Dresselhaus, M.S., Dresselhaus, G., and Saito, R., Physics of Carbon Nanotubes. 
Carbon, 1995. 33(7): p. 883-891. 
 
104. Dresselhaus, M.S., Dresselhaus, G., and Eklund, P. C., Science of Fullerenes and 
Carbon Nanotubes. 1996, San Diego: Academic Press. 
 
105. Dresselhaus, M., Dresselhaus, G., Eklund, P., and Saito, R., Carbon Nanotubes. 
1998, PhysicsWeb   http://physicsweb.org. 
 
106. Frank, S.P., Poncharal, P., Wang, Z. L.,  and de Heer, W. A., Science, 1998. 280: 
p. 1744. 
 
107. Liang, W., et al, Nature, 2001. 411: p. 665. 
 
108. Tang, Z.K., et al, Science, 2001. 292: p. 2462. 
 
109. Kociak, M., et al, Phys. Rev. Lett., 2001. 86: p. 2416. 
 
110. Kim, P., Shi, L., Majumdar, A., and McEuen, P. L., Phys. Rev. Lett., 2001. 87: p. 
215502. 
 
111. Collins, P.G., and Avouris, P., Nanotubes for Electronics. Scientific American,  
www.sciam.com, 2000: p. 62-69. 
 
112. Lu, J.P., Elastic properties of carbon nanotubes and nanopores. Phys. Rev. Lett., 
1997. 79(7): p. 1297-1300. 
 
113. Hernandez, E., Goze, C., Bernier, P., and Rubio, A., Phys. Rev. Lett., 1998. 20: p. 
80. 
 
114. Rubio, A., Nanocomposite tubules: a new class of materials from theory. Condens 
Matter News, 1997. 6: p. 6-18. 
 
115. Li, e.a., J. Mater. Sci. Lett., 2003. 22. 
 
116. Chen, Y., et al, J. Mater. Res., 1998. 13: p. 2423. 
   
  215
 
  
117. Rao, A.M., et al, ibid, 1997. 275: p. 187. 
 
118. Bandow, S., et al, Phys. Rev. Lett., 1998. 80: p. 3779. 
 
119. Liang, F., Sadana, A. K., Peera, Asghar, P., Chattopadhyay, J., A Convenient 
Route to Functionalized Carbon Nanotubes. Nano Letts., 2004. 4(7): p. 1257-
1260. 
 
120. Boul, P., et al, Reversible sidewall functionalization of buckytubes. Chem. Phys. 
Lett., 1999(310): p. 367-372. 
 
121. Hamon, M.A., Dissolution of Single-Walled Carbon Nanotubes. Adv. Mater. 
11(10): p. 834-840. 
 
122. Journet, C., et al, Nature, 1997. 388: p. 756. 
 
123. Namilae, S., Chandra, N., and Shet, C., Mechanical Behavior of Functionalized 
Nanotubes. Chem. Phys. Lett., 2004. 387: p. 247-252. 
 
124. Chen, Q., Saltiel. C., Manickavasagam, S., Schadler, L. S., Siegel, R. W., and 
Yang, H., Aggregation behavior of single-walled carbon nanotubes in dilute 
aqueous suspension. Journal of Colloid and Interface Science, 2004. Article in 
press. 
 
125. Sabba, Y., and Thomas, E. L., High-concentration dispersion of single-wall 
carbon nanotubes. Macromolecules, 2004. 37: p. 4815-4820. 
 
126. Wise, K.E., Park, C., Siochi, E. J., and Harrison, J. S., Stable Dispersion of Single 
Wall Carbon Nanotubes in Polyimide: the Role of Noncovalent Interactions. 
Chem. Phys. Letts., 2004. 391: p. 207-211. 
 
127. Star, A., Stoddart, J. F., Steuerman, D., Diehl, M., Boukai, A., Wong, E. W., 
Yang, X., Chung, S.-W., Choi, H., and Heath, J. R., Preparation and Properties 
of Polymer-Wrapped Single-Walled Carbon Nanotubes. Angew. Chem Int., 2001. 
40(9): p. 91721-1725. 
 
128. Islam, M.F., Rojas, E., Bergey, D. M., Johnson, A. T., and Yodh, A. G., High 
Weight Fraction Surfactant Solubilization of Single-Wall Carbon Nanotubes in 
Water. Nano Lett., 2002. 3(2): p. 269-273. 
 
129. Li, D., Wang, H., Zhu, J., Wang, X., Lu, L., and Yang, X., Dispersion of cabon 
nanotubes in aqueous solutions containing poly(diallyldimethylammonium 
chloride). J. Mater. Sci. Lett., 2003. 22: p. 253-255. 
 
   
  216
 
  
130. O'Connell, M.J., Boul, P. B., Ericson, L. M., Huffman, C., Wang, Y., Haroz, E., 
Kuper, C., Huffman, C., Ausman, K. D., and Smalley, R., Reversible water-
solubilization of single-walled carbon nanotubes by polymer wrapping. Chem. 
Phys. Lett., 2001. 342: p. 265-271. 
 
131. Kim, H.J., Jeon, K. K., An, K. H., Kim, C., Heo, J. G., Lim, S. C., Bae, D. J., and 
Lee, Y. H., Exfoliation of Single-Walled Carbon Nanotubes by Electrochemical 
Treatment in Nitric Acid. Adv. Mater., 2003. 15(20): p. 1757-1760. 
 
132. Davis, V.A., Ericson, L. M., Parra-Vasquez, A. N. G., Fan, H., Wang, Y., Prieto, 
V., Longoria, J. A., Ramesh, S., Saini, R. K., Kittrell, C., Billups, W. E., Adams, 
W. W., Hauge, R. H., Smalley, R. E., and Pasquali, M., Phase Behavior and 
Rheology of SWNTs in Superacids. Macromolecules, 2003. 37(1): p. 154-160. 
 
133. Park, C., Ounaies, Z., Watson, K. A., Crooks, R. E., Smith, J., Jr., Lowther, S. E., 
Connell, J. W., Siochi, E. J., Harrison, J. S., and St. Clair, T. L., Dispersion of 
Single Wall Carbon Nanotubes by In Situ Polymerization Under Sonication. 
Chem. Phys. Lett., 2002. 364: p. 303-308. 
 
134. Lau, K.-T., and Hui, D., The revolutionary creation of new advanced materials - 
carbon nanotube composites. Composites Part B, 2002. 33: p. 263-277. 
 
135. Andrews, R., and Weisenberger, Carbon Nanotube Polymer Composites. Current 
Opinion in Solid State & Materials Science, 2004. 8(1): p. 31-37. 
 
136. Sandler, J.K.W., Kirk, J. E., Kinloch, I. A., Shaffer, M. S. P., and Windle, A. H., 
Ultra-low electrical percolation threshold in carbon-nanotube-epoxy composites. 
Polymer, 2004. 
 
137. Liu, T., Sreekumar, T. V., Kumar, S., Hauge, R. H., and Smalley, R. E., 
SWNT/PAN Composite Film-Based Supercapacitors. Carbon, 2003. 41: p. 2427-
2451. 
 
138. Kymakis, E., Amaratunga, G. A. J., Optical Properties of Polymer-Nanotube 
Composites. Synth. Metals, 2003. 
 
139. Harris, C.E., Starnes, J. H.,  and Shuart,  M. J. Jr., An Assessment of the State of 
the Art in the Design and Manufacturing of Large Composite Structures for 
Aerospace vehicles. NASA/TM-2001-210844, 2001. 
 
140. Zhang, X., Liu, T., Sreekumar, T. V., Kumar, S., Moore, V. C., Hauge, R. H., and 
Smalley, R. E., Poly(vinyl alcohol)/SWNT Composite Film. Nano Lett., 2003. 
3(9): p. 1285-1288. 
 
   
  217
 
  
141. Wang, Z., Liang, Z., Wang, B., Zhang, C., and Kramer, L., Processing and 
Property Investigation of Single-Walled Carbon Nanotube (SWNT) 
Buckypaper/Epoxy Resin Matrix Nanocomposites. Composites Part A: Applied 
Science and Manufacturing, 2004. 35(10): p. 1225-1232. 
 
142. Lau, K.-T., Chipara, M., Ling, H.-Y., and Hui, D., On the Effective Elastic Moduli 
of Carbon Nanotubes for Nanocomposite Structures. Composites Part B:  
Engineering, 2004. 35(2): p. 91-101. 
 
143. Chen, X.L., and Liu, Y. J., Square Representative Volume Elements for 
Evaluating the Effective Material Properties of Carbon Nanotube-Based 
Composites. Computational Materials Science, 2004. 29: p. 1-11. 
 
144. Liu, T.a.K., S., Effect of Orientation on the Modulus of SWNT Films and Fibers. 
Nano Lett., 2003. 3(5): p. 647-650. 
 
145. Weisenberger, M.C., Grulke, E. A., Jacques, D., Rantell, T., and Andrews, R., 
Enhanced mechanical properties of polyacrylonitrile/multiwall carbon nanotube 
composite fibers. J. Nanosci. Nanotech., In press. 3(6): p. 535-9. 
 
146. Ruan, S.L., Gao, P., Yang, X. G., and Yu, T. X., Toughening high performace 
ultrahigh molecular weight polyethylene using multiwalled carbon nanotubes. 
Polymer, 2003. 44: p. 5643-54. 
 
147. Assouline, E., Lustiger, A., Barber, A. H., Cooper, C. A., Klein, E., Wachtel, E., 
and Wagner, H. D., Nucleation Ability of Multiwall Carbon Nanotubes in 
Polypropylene Composites. J. Polym. Sci.: Part B: Polymer Physics, 2003. 41: p. 
520-527. 
 
148. Ma, H., Zeng, J., Realff, M. L., Kumar, S., and Shiraldi, D. A., Processing, 
Structure, and Properties of Fibers from Polyester/Carbon Nanofiber 
Composites. Comp. Sci. & Tech., 2003. 63: p. 1617-1628. 
 
149. Liu, T., and Kumar, S., Quantitative characterization of SWNT orientation by 
polarized Raman spectroscopy. Chem. Phys. Letts., 2003. 378: p. 257-262. 
 
150. Ajayan, P.M., Schadler, L. S., Giannaris, C., and Rubio, A., Adv. Mater., 2000. 
12: p. 750. 
 
151. Wood, J.R., Zhao, Q., and Wagner, H. D., Orientation of Carbon Nanotubes in 
Polymers and Its Detection by Raman Spectroscopy. Composites: Part A, 2001. 
32: p. 391-399. 
 
   
  218
 
  
152. Frogley, M.D., Zhao, Q., and Wagner, H. D., Polarized Resonance Raman 
Spectroscopy of Single-Wall Carbon Nanotubes within a Polymer Unde Strain. 
Phys. Rev. B, 2002. 65(113413). 
 
153. Zolyomi, V., Kurti, J., Gruneis, J., and Kuzmany, H., Phys. Rev. Lett., 2003. 
90(157401). 
 
154. Schadler, L.S., Giannaris, S. C., and Ajayan, P. M., Load transfer in carbon 
nanotube epoxy composites. Appl. Phys. Lett., 1998. 73(26): p. 3842-3844. 
 
155. Ruan, S.L., Gao, P., Yang, X. G., and Yu, T. X., Toughening high performace 
ultrahigh molecular weight polyethylene using multiwalled carbon nanotubes. in 
press. 
 
156. Lucas, M., and Young, R. J., Raman Spectroscopic Study of the Effect of Strain on 
the Radial Breathing Modes of Carbon Nanotubes in Epoxy/SWNT Composites. 
Comp. Sci. & Tech., 2004. Article in Press. 
 
157. Anglaret, E., Righi, A., Sauvajol, J. L., Bernier, P., Vigolo, B., and Poulin, P., 
Raman Resonance and Orientational Order in Fibers of Single-Wall Carbon 
Nanotubes. Phys. Rev. B, 2002. 65(165426). 
 
158. Rao, A.M., Jorio, A., Pimenta, M. A., Dantas, M. S. S., Saito, R., Dresselhaus, G., 
and Dresselhaus, M. S., Polarized Raman Study of Aligned Multiwalled CArbon 
Nanotubes. Phys. Rev. Lett., 2000. 84(8): p. 1820-1823. 
 
159. Haggenmueller, R., Gommans, H. H., Rinzler, A. G., Fischer, J. E., and Winey, 
K. I., Aligned Single-Wall Carbon Nanotubes in Composites by Melt Processing 
Methods. Chem. Phys. Letts., 2000. 330: p. 219-225. 
 
160. Fantini, C., Pimenta, M. A., Dantas, M. S. S., Ugarte, D., Rao, A. M., Jorio, A., 
Dresselhaus, G., and Dresselhaus, M. S., Micro-Raman Investigation of Aligned 
Single-Wall Carbon Nanotubes. Phys. Rev. B, 2001. 63(161405). 
 
161. Jorio, A., Dresselhaus, G., and Dresselhaus, M. S., Polarized Raman Study of 
Single-Wall Semiconducting Carbon Nanotubes. Phys. Rev. Letts., 2000. 85(12): 
p. 2617-2620. 
 
162. Jorio, A., Souza Filho, A. G., Brar, V. W., Swan, A. K., Unlu, M. S., Goldberg, B. 
B., Righi, A., Hafner, J. H., Lieber, C. M., Saito, R., Dresselhause, G., and 
Dresselhause, M. S., Polarized Resonant Raman Study of Isolated Single-Wall 
Carbon Nanotubes: Symmetry Selection Rules, Dipolar and Multipolar Antenna 
Effects. Phys. Rev. B, 2002. 65(121402). 
 
   
  219
 
  
163. Duesberg, G.S., Loa, I., Burghard, M., Syassen, K., and Roth, S., Polarized 
Raman Spectroscopy on Isolated Single-Wall Carbon Nanotubes. Phys. Rev. 
Letts., 2000. 85(25): p. 5436-5439. 
 
164. Gommans, H.H., Alldredge, J. W., Tashiro, H., Park, J., and Magnuson, J., Fibers 
of Aligned Single-Walled Carbon Nanotubes: Polarized Raman Spectroscopy. J. 
Appl. Phys., 2000. 88(5): p. 2509-2514. 
 
165. Ko, F.G., Y., Ali, A., Naguib, N., Ye, H., Yang, G., Li, C. and Willis, P., 
Electrospinning of continuous carbon nanotube-filled nanofiber yarns. Adv. 
Mater., 2003. 15: p. 1161-1165. 
 
166. Dalton, A.B., Collins, S., Munoz, E., Razal, J. M., Ebron, Von Howard, Ferraris, 
J. P., Coleman, J. N., Kim, B. G., and Baughman, R. H., Super -Tough Carbon-
Nanotube Fibres. Nature, 2003. 423: p. 703. 
 
167. Thostenson, E.T., and Chou, T.-W., Aligned multi-walled carbon nanotube-
reinforced composites: processing and mechanical characterization. J. Phys. D: 
Appl. Phys., 2002. 35: p. 77-80. 
 
168. Kimura, T., Ago, H., Tobita, M., Ohshima, S., Kyotani, M., and Yumura, M., 
Polymer composites of carbon nanotubes aligned by a magnetic field. Adv. 
Mater., 2002. 14(19): p. 1380-3. 
 
169. Fischer, J.E., Zhou, W., Vavro, J., Llaguno, M. C., Guthy, C., and 
Haggenmueller, R., Magnetically Aligned Single Wall Carbon Nanotube Films: 
Preferred Orientation and Anisotropic Transport Properties. J. Appl. Phys., 
2003. 93(4): p. 2157-2163. 
 
170. Smith, B.W., Benes, Z., Luzzi, D. E., Fischer, J. E., Walters, D. A., Casavant, M. 
J., Schmidt, J., and Smalley, R. E., Structural Anisotropy of Magnetically Aligned 
Single Wall Carbon Nanotube Films. Appl. Phys. Lett., 2000. 77(5): p. 663-665. 
 
171. Garmestani, H., Al-Haik, M. S., Dahmen, K., Tannenbaum, R., Li, D., Sablin, S., 
and Hussaini, Y., Polymer-Mediated Alignment of Carbon Nanotubes Under High 
Magnetic Fields. Adv. Mater., 2003. 15(22): p. 1918-1921. 
 
172. Liu, X., Spencer, J. L., Kaiser, A. B., and Arnold, W. M., Electric-Field Oriented 
Carbon Nanotubes in Different Dielectric Solvents. Current Applied Physics, 
2004. 4: p. 125-128. 
 
173. Siochi, E.J., Working, D. C., Park, C., Lillehei, P. T., Rouse, J. H., Topping, C. 
C., Bhattacharyya, A. R., and Kumar, S., Melt Processing of SWCNT-Polyimide 
Nanocomposite Fibers. Composites: Part B, 2004. 35: p. 439-446. 
 
   
  220
 
  
174. Baughman, R.H., et al, Science, 1999. 284: p. 1340. 
 
175. Ericson, L.M., et al, Macroscopic, Neat, Single-Walled Carbon Nanotubes Fibers. 
Science, 2004. 305: p. 1447-50. 
 
176. Zhu, H.W., Xu, C. L., Wu, D. H., Wei, B. Q., Vajtai, R., and Ajayan, P. M., 
Direct Synthesis of Long Single-Walled Carbon Nanotube Strands. Science, 2002. 
296: p. 884-86. 
 
177. Lam, H., Titchenal, N., Naguib, N., Ye, H., Gogotsi, Y., and Ko, F. 
Electrospinning of Carbon Nanotubes Reinforced Nanocomposite Fibrils and 
Yarns. in Materials Research Society Symposium Proceedings, Q10.5.1. 2003. 
Boston, MA. 
 
178. Lam, H., Ye, H., Gogotsi, Y., and Ko, F. Structure and Properties of Electrospun 
Single-Walled Carbon Nanotubes Reinforced Nanocomposite Fibrils by Co-
electrospinning. in The 228th American Chemical Society (ACS) Annual Meeting, 
ACS Preprints, Fall 2004. 2004. Philadelphia. 
 
179. Titchenal, N., Lam, H., Ye, H., Gogotsi, Y., and F. Ko, SWNT and MWNT 
Reinforced Carbon Nanocomposite Fibrils, in American Institute of Aeronautics 
and Astronautics. 2004: Palm Spring, CA. 
 
180. Chen, J.C., and Harrison, I. R., Modification of Polyacrylonitrile (PAN) Carbon 
Fiber Precursor via Post-Spinning Plasticization and Stretching in Dimethyl 
Formamide (DMF). Carbon, 2002. 40: p. 25-45. 
 
181. Thygesen, L.G., Lokke, M. M., Micklander, E., and Engelsen, S. B., Trends in 
Food Science & Technology, 2003. 14: p. 50-57. 
 
182. Wetzel, D.L., and LeVine, S. M., Microspectroscopy-imaging molecular 
chemistry with infrared microscopy. Science, 1999. 285: p. 1224-1225. 
 
183. Pelletier, M.J., Analytical Applications of Raman Spectroscopy, ed. M.J. Pelletier. 
1999: Blackwell Science. 
 
184. Gruneis, A., Saito, R., Jiang, J., Samsonidze, Ge. G., Pimenta, M. A., Jorio, A., 
Souza Filho, A. G., Dresselhaus, G., and Dresselhaus, M. S., Resonant Raman 
Spectra of Carbon Nanotube Bundles Observed by Perpendicular Polarized 
Light. Chem. Phys. Lett., 2004. 387: p. 301-306. 
 
185. Ajiki, H., and Ando, T., Physica B, 1994. 201(349). 
 
186. Lam, H., Ko, F., Unpublished data. 2003. 
   
  221
 
  
187. Ye, H., Lam, H. L., Titchenal, N. L., Ko, F. K., and Gogotsi, Y., Appl. Phys. 
Lett., 2004. 
 
188. Painter, P.C., and Coleman, Fundamentals of polymer Science. 1997, Lancaster, 
PA: Technomic Publishing Co. 
 
189. Ko, F.K., et al, Unpublished data. 2003. 
 
190. Donnet, J.B., and Bansal, R. C., Carbon Fibers. 2nd ed. 1990, New York: Marcel 
Dekker. 
 
191. Hartland, H.G., King, M. W., and Phillips, L. N., Brit. Patent 1,431,883. 1976. 
 
192. Cupp, K.H., and Stuez, D. E., U. S. Patent 3,592,595. 1971. 
 
193. Fitzer, E., and Heine, M., Carbon Fiber Manufacture and Surface Treatment. 
Fiber Reinforcement for Composite Materials, ed. R.B. Pipes. Vol. 2. 1988, New 
York: Elsevier. 
 
194. Oberlin, A., Bonnamy, S., Lafdi, K., Structure and Texture of Carbon Fibers. 
Carbon Fibers, ed. J.B. Donnet, Rebouillat, S., Wang, T. K., Peng, J. C. M. 1998, 
New York: Marcel Dekker. 
 
195. Ci, L., Zhou, Z., Tang, D., Yan, X., Liang, Y., Liu, D.,  Yuan, H., Zhou, W., 
Wang, G., and Xie, S., Chem. Vapor Dep., 2003. 9(3). 
 
196. Ci, L., Rao, Z., Zhou, Z., Tang, D., Yan, X.,  Liang, Y., Liu, D., Yuan, H., Zhou, 
W., Wang, G., Liu, W., and Xie, S., Chem. Phys. Lett., 2002. 359. 
 
197. Zhou, Z., Ci, L., Cheng, X., Tang, D., Yan, X., Liu, D., Liang, Y., Yuan, H., 
Zhou, W., Wang, G., and Xie, S., Carbon, 2003. 41. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
  222
 
  
VITA 
 
 
Name: Hoa Le Lam 
 
Education:  Ph.D. in Materials Science and Engineering, Drexel University, 
Philadelphia, PA, 2004 
 M.S. in Materials Science and Engineering, Drexel University, Philadelphia, 
PA, 2001 
 B.S. in Materials Science and Engineering, Drexel University, Philadelphia, 
PA, 1991 
 
Experience: Graduate Research Assistant, Department of Materials Science and 
Engineering, Drexel University, 2001-2004 
Materials Engineer, Fiber Concepts, Inc., 1992 - 2000 
 
Professional Societies:  SAMPE member 2001 - present 
MRS member 2003-Present, ACS member 2003-present 
 
Honors: NSF-IGERT Fellowship (Drexel University, 2002 – 2004); Dean’s Fellowship 
(Drexel University 2002); Excellence in Graduate Polymer Science Research (ACS, 
2004); American Chemical Society Ford Travel Grant (ACS, 2003); Best Poster Award 
(Drexel University 5th Annual Research Day, 2003); second place Best Poster Award 
(ASM Philadelphia Chapter, 2003) 
 
Publications:  
Ye, H., Lam, H. L., Titchenal, N. L., Ko, F. K., and Gogotsi, Y., Appl. Phys. Lett., 2004.  
Ko, F. K., El-Aufy, A., Lam, H., and MacDiarmid, A.G., Electrostatically Generated 
Nanofibers for Wearable Electronics. Wearable Electronics and Photonics, ed. X. Tao. 
In press, London, Woodhead Publishing. 
Lam, H., Titchenal, N., Ye, H., Gogotsi, Y., and Ko, F., Structure and Properties of 
Aligned Carbon Nanotubes Reinforced Nanocomposite Fibrils, Proceedings of the 
American Society for Composites, 2004, Atlanta, GA. 
Lam, H., Ye, H., Gogotsi, Y., and Ko, F. Structure and Properties of Electrospun Single-
Walled Carbon Nanotubes Reinforced Nanocomposite Fibrils by Co-electrospinning, 
Polymer Preprint, The 228th Annual ACS Meeting, Fall 2004, Philadelphia 
Titchenal, N., Lam, H., Ye, H., Gogotsi, Y., and F. Ko, SWNT and MWNT Reinforced 
Carbon Nanocomposite Fibrils, Proceedings of the American Institute of Aeronautics 
and Astronautics, 2004, Palm Spring, CA. 
Lam, H., Titchenal, N., Naguib, N., Ye, H., Gogotsi, Y., and Ko, F. Electrospinning of 
Carbon Nanotubes Reinforced Nanocomposite Fibrils and Yarns, Materials Research 
Society Symposium Proceedings, Q10.5.1. 2003. Boston, MA.  
Lam, H., Naguib, N., Ye, H., Ali, A., Gogotsi, Y., Yang, G., and Ko, K., Super Carbon 
Fiber by Electrospinning of Single-Walled Carbon Nanotubes/Polyacrylonitrile 
Composite Nanofibers, Polymer Preprint, The 227th Annual ACS Meeting, Fall 2003, 
New York. 
 
 
 
